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ULTRAFAST LASER DRIVEN ELECTRON ACCELERATION
AND X-RAY COHERENT IMAGING FOR BIOMEDICAL APPLICATIONS

J.-C. Kieffer
INRS-EMT, Université du Québec, Québec, Canada, kieffer@emt.inrs.ca

Abstract. | will present an overview of our experimental effort in high field science (up to 102 W/cm?) with
the high peak power laser system (>200 TW) at the Advanced Laser Light Sources facility (ALLS). Results on
electron acceleration (by laser wakefield and by direct laser field) and on the generation of ultrafast hard x-rays
(betatron emission) obtained with the actual 200 TW ALLS laser system (30 fs, 5J) will be presented and dis-
cussed.

In one part of our program, electrons are accelerated through laser wakefield and generate betatron
emission. The x rays produced by the accelerated € ectrons were measured by severa diagnostics. The
measured angular spreads of the x-ray beams were 25 and 31 mrad (FWHM) in the horizontal and the
vertical directions (averaged over 10 successive laser shots). We currently have 2.2x10° photons/0.1%
bandwidth/sr/shot at 10 keV. The total number of photons over the whole spectrum, obtained from the
synchrotron fit distribution, is N=10° ph. The x-ray spot size was measured to be 1.7 um (FWHM).
Single shot phase contrast images of complex objects have been obtained with the 10keV betatron
X-ray source in different geometries, and are interpreted with a comprehensive model of x-ray propa
gation integrating the properties and geometries of the imaging beam line. Many approaches have
been presented for the optimization of image quality and phase information retrieval in various geome-
tries with micro-focus X-ray and synchrotron sources. Simple rules have been derived for the parame-
ters of projection images of a generic phase edge. However, thereis still aneed for a semi-quantitative
method enabling an easy extraction of information on interfaces inside inhomogeneous media and al-
lowing a characterization of the quality of an imaging set up. | will discuss a Figure of Merit (FOM),
which looks promising for mapping and characterizing interfaces inside complex inhomogeneous me-
dia. Applications of this betatron phase contrast Imaging Beam line to Biophotonics, Agriculture and
Forestry will be presented and discussed.

In a second part of our program, we are studying the acceleration of electrons directly by the laser
field. A maximum intensity of 10 W/cm? has been achieved on target and electron have been accele-
rated to multi-MeV energies directly by the laser field (DLFA) using radially polarized TMy; modes.
Our most recent experiments with TEy and TMy, mode in the ultrarelativistic regime will be presented
and discussed.

We are currently upgrading our high peak power laser facility. | will describe our progress towards
a 500 TW facility, the perspectives of electron acceleration beam lines based on wakefield and direct
laser acceleration (TMg; mode) and the potential of the betatron beam line for biomedica imaging
with our new facility. template is a set of styles and page layout settings that determine the appearance
of adocument.
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NOVEL FLUORESCENT PROTEINS
FOR MULTIPARAMETER LIVE-CELL IMAGING

K.A. Lukyanov

Ingtitute of Bioorganic Chemistry, Miklukho-Maklaya 16/10, 117997 Moscow, Russia
Nizhny Novgorod State Medical Academy, Minin Sg. 10/1, 603005 Nizhny Novgorod, Russia
kluk@ibch.ru

Abstract. Genetically encoded fluorescent probes — fluorescent proteins — enable dynamic visualization of
target structures and processes in live models. Multiparameter imaging requires many probes with distinct spec-
tral properties such as excitation and emission wavelengths or fluorescence lifetimes. In this talk, focus will be
on our recent developments in the field of fluorescent proteins and sensors that open new possibilities for multi-
parameter fluorescence imaging.

Due to unique mechanism of self-catalyzed chromophore formation fluorescent proteins are widely
used in biology as fully genetically encoded fluorescent probes to visualize various structures and
eventsin live cells and organisms [1]. Simultaneous observation of several different processes (multi-
parameter imaging) is very important to decipher their interrelationship in time and space.

The most straightforward way for multiparameter imaging is to use a combination of probes of dif-
ferent fluorescence colors. Wide spectral diversity of fluorescent proteins enables imaging in severa
color channels. Yet, imaging in far-red region (which is especially important for imaging in animal
models due to minimal light absorption and scattering in this spectral range) suffers from low bright-
ness of available fluorescent proteins. We developed an improved variant of far-red protein Katush-
ka— Katushka2S, which shows superior performance in anima models compared to other far-red fluo-
rescent proteins [2]. Moreover, we found that various far-red fluorescent proteins can be spectrally
unmixed providing the possibility of multiplexed imaging.

Most currently available genetically encoded sensors fluoresce in blue-green-yellow. Thus, red flu-
orescent sensors are in a high demand for multiparameter imaging [3]. We constructed far-red sensor
for activity of caspase-3 — an effector caspase, which plays a key role in apoptosis — using FRET be-
tween far-red fluorescent protein mKate2 as a donor and bacteriophytochrome-based infrared fluores-
cent protein iRFP as an acceptor. This sensor was used for simultaneous monitoring of caspase-3 acti-
vation (in far-red and near-infrared channels) and trangocation of Bax-EGFP (in green channel). Po-
tentially, the new sensor is perspective for whole body animal imaging due to its red-shifted spectra.

Spectra diversity of fluorescent proteins, crucial for multiparameter imaging, is based mainly on
chemical diversity of their chromophores. Recently we demonstrated that tryptophan-based chromo-
phore of a cyan fluorescent protein can exist in a previously unknown anionic state with red-shifted
(green) fluorescence [4]. We developed a new green fluorescent protein NowGFP with anionic trypto-
phan chromophore that possesses long fluorescence lifetime. Signals of NowGFP and EGFP can be
clearly distinguished by their fluorescence lifetimes. Thus, NowGFP provides an additional channel
for multiparameter FLIM microscopy of green fluorescent proteins.

Cerulean NowGFP
(cyan) (green)

Valé1Lys +
16 mutations

HN "\ o NH3 N 0

N2 —%
IN Lys61 NTN

Fig. 1. The proposed structure of anionic tryptophan-based chromophore in green fluorescent protein
NowGFP obtained by mutagenesis of cyan fluorescent protein Cerulean. Key substitution (valine 61 to
lysine) resultsin stabilization of negative charge on the chromophore

N
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Phototoxic red fluorescent protein KillerRed is a fully genetically encoded photosensitizer [5]. In
response to green-orange light illumination, KillerRed generates local oxidative stress, which damages
nearby intracellular targets (proteins, lipids or DNA), resulting in cell death or target protein inactiva-
tion. We constructed a blue-shifted variant of this protein — KillerOrange, which is phototoxic under
blue light. Due to distinct activating light wavelengths, KillerRed and KillerOrange can be used to-
gether for killing two independent cell populations.

A significant problem of fluorescence microscopy is photobleaching of the probes. Such applica-
tions as time-lapse and 3D microscopy, single-molecule detection, and fluorescence correlation spec-
troscopy strongly suffer from insufficient photostability of fluorescent proteins. An important step
forward in understanding and overcoming of the GFP photobleaching was discovery of oxidative
green-to-red photoconversion (“redding”) based on el ectron transfer from excited GFPs to intracellular
electron acceptors [6]. It was redized that oxidative redding can represent a major pathway of GFP
photobleaching in live cells[7]. We found that suppression of redding by optimization of imaging me-
dia composition is asimple and efficient way to increase GFP photostability [8].
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BIOMEDICAL OPTOACOUSTIC IMAGING:
22YEARS OF DEVELOPMENT FROM FIRST IDEASTO CLINICAL TRIALS

A.A. Oraevsky
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Abstract. This lecture will discuss history of optoacoustic imaging from pioneering works that set the basic
principles of the technology to the first in vivo images, to the most recent advances, and finally to the future
medical imaging modalities and their applications in the main stream medicine and surgery. We also present the
design features and technical parameters of the optoacoustic imaging systems required for clinically viable de-
vices.

In early 1880, Alexander Bell submitted a patent application and then presented and published a
number of lectures describing his newly invented photophone. At the reception side of this device
there was light-to-sound transducer made of light absorbing cell made of crystalline selenium with
high thermal expansion and electrically connected to a speaker. When illuminated with a sun beam
modulated by sound, the selenium cell reproduced acoustic vibration of the sound [1]. About 100
years later, combination of optical spectroscopy and piezoelectric transducers revealed that detection
of sound resulting from the optical absorption represents a very sensitive means for detection of ab-
sorbing molecules in gases and liquids and absorbing layers in solids, and photoacoustic spectroscopy
was born [2]. In 1970s-80s there were several proposals to make optoacoustic images, but no systems
were developed and no images were produced. Only after the physical principles governing acquisi-
tion of spatially resolved images in the depth of live tissues were formulated [3], the first images were
produced [4]. Biomedical applications of the laser optoacoustic imaging exploded in the 21% century,
exponentially growing and involving non only physicists, but also biologists and medical practitioners.
We will discuss the principles of operation, system design and methods of optoacoustic tomography,
and its advantages and limitations for biomedical applications. Optoacoustic system provides optical
contrast in tissue while mapping tissue structures with ultrasonic resolution. The main advantages of
the optical contrast is the applicability of optical spectroscopy to high resolution imaging in order to
(1) map distributions of blood concentration and its oxygen saturation (functiona imaging) in the tis-
sue being physiologically characterized and (2) map distribution of molecules of interest, such as can-
cer receptors or disease biomarkers (molecular imaging) using contrast agents either selectively accu-
mulating or synthesized in the cells of medical interest. From the first in vivo images [5] to the first
functional images of blood parameters [6] to the first molecular images using exogenous contrast
agents [7], the optoacoustic imaging rapidly attracted attention of the biomedica research community.
The total number of researchers who presently dedicate their careers to optoacoustic imaging is esti-
mated at 450. These scientists and engineers published over 2200 papers total and 370 papersin 2014.
At least twelve companies including small and very large presently commercialize optoacoustic imag-
ing systems for biomedical applicationstoday.

Spatial resolution of the optoacoustic imaging is scalable 1000x fold from submicron to submilli-
meter, simultaneoudly the depth of imaging in tissue proportionaly scales from ~50 micron to
~50 mm. The most important parameters that define high resolution of the optoacoustic microscopy
systems is the high frequency edge of the ultrasonic transducers (~40 MHz for acoustic resolution mi-
croscopes) and capability of the system to focus a short (1-5 ns) laser pulse into a submicron diameter
spot through a layer of scattering biological tissue (for optical resolution microscopes). The most im-
portant parameter that provides clinical viability of any optoacoustic tomography system is its sensi-
tivity (Snpu) @nd noise equivalent pressure (NEP). The typical penetration depth from which clinically
relevant information needs to be obtained is from 1 to 6 cm. To achieve maximum depth of imaging
tissue structures, the system has to possess Sy, Of at least 20 nV/Paand NEP of 1Pa. With such ad-
vanced technical specifications one may, for example, expect to use optical contrast of blood (specifi-
cally hypoxic blood) for visualization of the tumor angiogenesis, thereby providing functional infor-
mation for differentiation of malignant and benign tumorsin the breast.

The ideathat drives developmentsin thefield of clinical optoacoustic imaging in the past decade is
that coregistration of optoacoustic and ultrasonic images would be a useful enhancement of almost
every application of medical ultrasound [8]. Optoacoustic images can provide natural and clinically
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useful enhancement of almost every application of medical ultrasound. Deep tissue imaging with high
contrast and resolution is the most important niche for optoacoustic tomography, unattainable neither
in pure optical imaging or pure ultrasonic imaging.

Since laser pulses are being employed to generate optoacoustic images, it is only natural to use la-
ser pulses for generation of ultrasound images. Laser pulses can generate ultrawide-band nonreverbe-
rating ultrasonic pulses enabling higher resolution, higher contrast and deeper penetration for ultra-
sound tomography [9]. Recently, combined laser optoacoustic + laser ultrasonic images have been
obtained contemporaneoudy [10], which reduces the time required for the clinical procedure (a very
important feature for any doctor).

We will present the most important results of in vivo preclinical and clinical studies with three-
dimensiona optoacoustic imaging systems developed in the recent years, ranging from microscopy
systems operating in real time to dual modality of optoacoustic and ultrasonic tomography systems
that provide medical information, helping detect and differentiate breast cancer and potentialy finding
and characterizing other life threatening health conditions. When coregistered with tissue morphology,
well depicted on ultrasound transmission or reflection images, optoacoustic tomography can find itself
among the most comprehensive visualization technologies for diagnostic imaging in oncology, angio-
graphy and neurophysiology, for monitoring and guiding therapeutic and surgical procedures as well
asin variety of preclinical research applications using small laboratory animals.

Fig. 1. Examples of 3-dimensional optoacoustic images obtained from alive mouse (a),
and breast cancer patient (b).

Discoveries that made optoacoustic imaging the most rapidly developing biomedical imaging tech-
nology in the past 15 years are that (1) laser pulses may be effectively used to produce wide-band
acoustic pressure (ultrasonic waves) in biological tissues, which carry its main energy in the lower
frequency range and, thus, propagate in tissues with minimal attenuation, (2) 2D and 3D images of the
absorbed optical energy can be reconstructed with high resolution under the illumination condition of
pressure confinement in the course of the optical energy deposition in a voxel to be resolved. The
technological developments that will transform optoacoustic imaging systems into compact and robust
clinical modalities are the high power diode lasers and the supersensitive optical detectors transparent
for the laser excitation [11].
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SINGLE MOLECULESAND SINGLE GOLD NANOPARTICLES:
OPTICAL DETECTION AND SPECTROSCOPY
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Abstract. | shall present several optica methods giving access to signals from single molecules and single
gold nanoparticles. The latter objects are interesting because of their strong interaction with light mediated by their
plasmon resonance, and because they are chemically and photochemically very stable. The experiments are based
on fluorescence or photoluminescence, scattering, absorption detected by photothermal contrast, purely refractive
effects leading to shifts of the plasmon resonance, or plasmon-enhanced fluorescence of weak emitters.

The optical isolation of single gold nanoparticles leads to their spectroscopic study on a single-
particle basis and, through their plasmonic properties, to the study of their direct surroundings. | shall
illustrate this general idea with some recent experiments from our laboratory.

1. Photothermal contrast and pump-probe spectroscopy give us knowledge of the mechanica prop-
erties of gold nanoparticles and of their environments. The sensitivity of photothermal contrast can be
pushed to the detection of individua organic absorbers with negligible fluorescence yields [1]. By
these methods, we have monitored the nanosecond dynamics of steam nanobubbles formed in aliquid
around a nanoparticle upon plasmonic heating [2]. We show that steam nanobubbles are extremely
nonlinear systems that present dynamics in the nanosecond time scale and are very sensitive to pertur-
bations. For example, a nanobubble could probe changes in pressure and act as a fast acousto-optical
transducer.

2. The surface plasmon resonance of gold nanorods is sensitive to refractive index changes in the
environment, which alowed us to detect individual non-absorbing proteins. These biomolecules were
bound to the functionalized metal surface with preferential attachment to the tips of the nanorod. The
binding and unbinding of single protein molecules from the solution give rise to sudden absorption
steps[3], and could be of use in micro-analytical applications and in-situ sensing.

3. The strong optical near field close to the tips of gold nanorods enhances coupling to optical
waves, both for excitation and for emission. These two effects strongly resonate at the plasmon fre-
quency of the rod and enable detecting single molecules of a weakly fluorescent dye, with quantum
efficiency of 1% or less [4]. This method is a generalization of single-molecule spectroscopy to a
broad class of bad fluorophores, with either low quantum yields or long fluorescence lifetimes. Com-
parison to finite-element calculations indicate that excitation and emission enhancements critically
depend on the spectral overlap between the dye’ s absorption and fluorescence and the nanorod's sur-
face plasmon resonance [5].

The strong light-matter interaction caused by plasmons opens many new experiments, such as the
mani pulation of position and orientation of anisotropic gold nanoparticlesin complex media.
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QUANTITATIVE MOLECULAR IMAGING IN VIVO,
WITH IMMUNOLOGIC BINDING ASSAYS & HIGH RESOLUTION
CERENKOV MOLECULAR IMAGING
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Abstract. Molecular imaging using the Cerenkov as an internal tissue excitation system is shown, allowing
high—resolution sensing of metabolites. Cherenkov light is stimulated by MeV beam irradiation from a radiation
therapy device in a narrow beam, and raster scanned across the sample, with luminescence emission captured by
a gated intensified detector. The dose delivered can be substantially lower than a CT scan, and yet the spatial
resolution for imaging in rodents be near 0.2 mm. This is demonstrated in tissue phantoms as well as mouse stu-
dies, sensing molecular oxygen in lymph nodesin vivo. Diagnostic molecular guidance is feasible with this.

I ntroduction

Cerenkov light emission from MeV gamma-ray and electron beam delivery has recently been
shown to be detectable and could be used in some applications for 3D dosimetry in radiation therapy
in water tanks [1-3] or 2D surface dosimetry in humans [4, 5]. The major potential benefit of Ceren-
kov imaging isthat it is away to image beamsin real time with several frames per second. As such, it
is feasible to image treatment beams dynamically, and create composite visualizations of the treatment
plans. This imaging can be used to verify new treatment plans prior to application to patients, or to
quickly verify new machines, or testing in situations where access is limited. The strength of this opti-
cal imaging is that it is smple to implement, and provides immediate feedback. The drawbacks are
related to minor differences between Cerenkov emission and dose, which make it not an exact mea-
surement of dose.

In human imaging studies, clinical trials have been completed to image surface emissions in real
time during therapy. Whole breast irradiation was followed for fractionated therapy in 12 patients.
Positioning repeatability was within the 3mm distance to agreement criteria, and the Cerenkov images
were able to be used to verify day-to-day patient alignment [4, 5].

This optical emission is broadband [6, 7] in origin, with a 1/A? dependence of intensity with wave-
length, A. Yet most of the UV-blue-green light is absorbed locally (within 100's of microns) by the
blood in tissue, while the red-NIR wavel engths have longer path lengths (3-6 mm). Asaresult of this
attenuation in vivo, ideal excitation reporters to be activated with this light have absorption in the red
wavelengths with NIR emission [8, 9]. Thisisexplored in this report.

M ethods

Excitation from a6 MV photon beam was used from alinear accelerator (LINAC, Clinac 2100CD,
Varian Medical Systems) used for standard radiation therapy. The beam was collimated to be 5Smm in
diameter through positioning of the jaws and multileaf collimators (MLCs). A plan was created to ras-
ter scan the beam through movement of the MLCs, as appropriate for the beam size to cover the body
of the phantom or animals studied.

Luminescence was detected from the specimens by a gated intensified CCD camera (ICCD PI-
MAX4, Princeton Instruments) with triggering from the LINAC output, gating the intensifier amplify
only during the 3 us bursts of radiation, delivered at 200 Hz. The camera was coupled to the phantom
either directly for luminescence imaging or through a spectrometer for fluorescence imaging. The lu-
minescence imaging is slow enough that spectral filtering was not needed, and temporal gating of the
signal was sufficient for high S/N, whereas with fluorescence signals, they are emitted nearly instatn-
taneously with the 3us radiation and so needed to be separated from the background Cerenkov signal
by spectral filtering through a spectrometer. Both approaches were outlined and evaluated in this
study.

A range of reporters was tested for their efficiency in reporting signals from tissue phantoms. The
main luminescent agent tested was PtG4 (platiunum-based oxyphor, S. Vinogradov, UPenn), which
has a lifetime which is sensitive to the local oxygen concentration and a quantum yield of emission
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near 20%. The fluorescent reporters tested were arange of IRDyes (LI-COR Biosciences) and red flu-
orescent proteins. The optimal luminescent and fluorescent reporters were then utilized for demonstra-
tion that high resolution oxygen sensing could be achieved in vivo in arat model [9]. Additionally
localization of red fluorescent protein expression in mice is demonstrated.

Results & Conclusions

The results show that luminescence imaging is readily achieved with temporal gating and with ex-
ceptionally strong S/N, because of the removal of the background Cherenkov signal from gating. The
depth of sampling was better than 20 mm deep, and the ability to detect objects as small as 0.1 mm
was demonstrated in tissue phantoms. There is a reciprocity between the amount of radiation dose
needed for imaging and the concentration of fluorophore needed for detection. When typical in vivo
concentrations of 1uM are used, then the imaging can be achieved with therapeutic fraction level doses
(~1 Gy). Whereas when higher local concentrations were used, as might be seen in lymph nodes or
pharmacol ogic doses (1 mM) then imaging can be achieved with radiation doses well below that of a
radiol ogic imaging scan (<1 mGy). The signal also falls off with depth into the medium, but because it
is only the exiting luminescence fluence which is attenuated, the signal simply falls off by about 1 or-
der of magnitude per cm of tissue. This parameter space allows for high resolution imaging of rodents
with reasonable biological concentrations of probes.
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CLINICAL RAMAN SPECTROSCOPY —A TOOL
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Abstract. Here we report about the application of Raman approaches for the clinical diagnosis and therapy
of infectious diseases and cancer representing unmet medical needs. We will present chip-based bacterial isola-
tion strategies for a fast Raman spectroscopic identification of pathogens and the determination of their antibiotic
resistances, which is crucial for patient’s survival. Moreover, we report about Raman on-chip approaches for the
identification of circulating tumor cells and therapeutic drug monitoring. Furthermore, we introduce linear and
nonlinear Raman approaches for ex-vivo and in-vivo spectral histopathology for an early diagnosis of cancer.

A comprehensive analysis to determine diagnostic, prognostic and predictive factors in a few steps
or ideally in one-step requires the development of new, fast and reliable approaches that support and
supplement routine medical diagnostics and therapy. In the past years, medical photonics has wit-
nessed the devel opment of optical / photonic approaches that are potentially in a position to meet these
aforementioned challenges. In this context, spectroscopic approaches like e.g. Raman spectroscopy are
especialy noteworthy. Raman spectroscopy is an especially efficient method since it probes molecular
vibrations distinct for each type of molecule. A Raman spectrum can be seen as a characteristic “mo-
lecular fingerprint” of every sample. The ability to obtain specific chemical information labelfree
makes Raman spectroscopy attractive for many clinical investigations of bodily fluids, pathogens,
cells, and tissue biopsies [1]. In this contribution, we will summarize our recent results in implement-
ing various Raman-approaches for infectious diseases and cancer, as these types of diseases harbor
unmet needs regarding diagnosis and therapy.

We will start with highlighting the potential of Raman microspectroscopy for an early diagnosis
and therapy of infectious diseases with special focus on sepsis. In the field of sepsis, the fast identifi-
cation of pathogens, their resistances and the specific host is crucial for choosing the appropriate initial
antibiotic therapy to save lives in intensive care units. It will be shown that Raman hold great promise
as point-of-care approaches to address these challenging tasks [2-5]. In this context we will present
innovative chip-based bacterial isolation strategies out of complex sample matrices (e.g. blood or
urine) [6, 7].

The second part of this presentation focuses on Raman studies on eukaryotic cells for biomedical
applications. Here, we will report about the great potential of Raman spectroscopy for alabel-free dis-
crimination between normal and (circulating) tumor cells and towards establishing a Raman spectros-
copic hemogram [8-10]. In particular we will report about the recent progress we made towards Ra-
man activated cell sorting (RACS) by coupling Raman spectroscopy with microfluidics and microma-
nipulation approaches[11, 12].

Besides single cells, whole tissue sections like biopsy specimens can be characterized by means of
Raman-microspectroscopy enabling an objective evaluation of the tissue samples for an early diagno-
sis of cancer (= spectral histopathology) [13—15]. The potential to couple the Raman system via optical
fibersto the point of measurements has enabled within the last years besides ex-vivo Raman studies on
excised tissue aso in-vivo Raman studies, i.e. Raman endospectroscopy. We will introduce novel Ra-
man fiber probes for in-vivo tissue screening to reliably diagnose and screen cancer and other diseases
like atherosclerosisin internal organs like e.g. colon, stomach or aorta[16].

While the advantage of Raman spectroscopy are its unprecedented high specificity it suffers from
its poor sensitivity. This disadvantage can be overcome by utilizing non-linear Raman phenomenallike
CARS = coherent anti-Stokes Raman scattering. However, these methods as standal one techniques are
typically highlighting a particular detail of e.g. pathological aterationsin tissues and célls. In order to
improve the diagnogtic result a meaningful combination of different contrast mechanism in a multi-
modal approach in one microscopic setting has been proven to be extremely beneficial for biomedical
imaging. Here we demonstrate how the combination of CARS, second harmonic generation (SHG)
and two-photon excited autofluorescence (TPEF) to a multimodal imaging approach allows one to
characterize the architecture and biochemical composition, i.e., the morphochemistry of frozen section
biopsy specimens from a broad range of different tissues and pathologies [17-22]. We will demon-
strate the detection of characteristic structures and the accompanying molecular changes of severa
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cancer entities. Increasing the spectral resolution and analyzing CARS images at multiple Raman re-
sonances improves the chemical specificity [20]. To facilitate handling and interpretation of the image
data characteristic properties can be automatically extracted by advanced image processing algorithms.
Overall, the presented examples show the great potential of multimodal non-linear imaging to com-
plement established clinical pathological diagnostic tools.
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UNIFIED MODEL OF PLASMA FORMATION, BUBBLE GENERATION,
AND SHOCK WAVE EMISSION IN WATER FOR FEMTOSECOND
TO NANOSECOND LASER PULSES

A.Vogd, X.-X. Liang, S. Freidank, and N. Linz

Ingtitute of Biomedical Optics, University of Libeck, Germany
vogel @bmo.uni-luebeck.de

Abstract. We established a self-consistent unified model that describes the dynamics of plasma formation
and plasma-induced hydrodynamic effects over femtosecond to microsecond time scales. The model covers a
large range of pulse durations, wavelengths, focusing angles and pulse energies, and it portrays the mechanisms
of nonlinear material modifications from free-electron-induced chemical changes at low pulse energies to disrup-
tive mechanical effects well above the breakdown threshold.

To date, optical breakdown modeling has mostly focused on tracking the evolution of free electron
density and predicting breakdown thresholds defined by a critical free electron density. Such thre-
sholds cannot easily be linked to experimental observations of breakdown events, which commonly
rely on the detection of plasma luminescence, phase changes (leading to transient bubbles in water or
permanent cavities in solids), or shock wave emission. We developed modeling tools for optical
breakdown events in water, which span various phases reaching from breakdown initiation via sol-
vated electron generation, through laser induced-plasma formation and temperature evolution in the
focal spot to the later phases of cavitation bubble dynamics and shock wave emission.

The rate equation model considersthe interplay of linear absorption, photoionization, avalanche io-
nization and recombination, traces thermalization and temperature evolution during the laser pulse,
and portrays the role of thermal ionization that becomes relevant for T > 3000 K. Consideration of
thermal ionization is crucia for the modeling of picosecond and nanosecond breakdown. Maodeling of
free-electron generation includes recent insights on breakdown initiation in water via solvated el ectron
generation that were obtained by bubble threshold spectroscopy of IR nanosecond breakdown. The
wavelength dependence of the breakdown threshold indicates that avalanche ionization isinitiated via
multiphoton excitation of valence band electrons into a solvated state at E = 6.6 eV followed by up-
conversion into the conduction band level that islocated at 9.5 eV.

The ability of tracing the temperature evolution in the focal volume allows for a comparison with
experimental data on bubble thresholds and bubble size. The model of laser-induced plasma formation
is linked to a hydrodynamic model of plasma-induced pressure evolution and phase transitions that
enables to trace bubble generation and dynamics as well as shock wave emission. This way, the
amount of nonlinear energy deposition in transparent dielectrics and the resulting material modifica-
tions can be assessed as a function of incident laser energy. The unified model of plasma formation
and bubble dynamics yields an excellent agreement with experimental results over a large range of
pulse durations and wavelengths, as shown in Fig. 1.

Future challenges are to include spatio-temporal aspects of optical breakdown associated with non-
linear light propagation and with the plasma growth during the laser pulse.
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Fig. 1. Maximum cavitation bubble radius in water as a function of laser pulse energy for different pulse dura-
tions and wavelengths; NA = 0.8. Colors denote wavelengths. blue = 347 nm for fs pulses, and 355 nm for ns
pulses; green = 520 nm and 532 nm, red = 1040 nm and 1064 nm. a) experimental data, b) modeling results
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A COMPACT X-RAY FREE ELECTRON LASER (XFEL) FACILITY SACLA
AND ITSSCIENTIFIC APPLICATIONS

M. Y abashi
RIKEN SPring-8 Center, Sayo, Hyogo, Japan, yabashi @spring8.or.jp

Abstract. SACLA has started user operation in March 2012, as the first compact XFEL facility. Over three
years, SACLA has routinely generated XFEL light in a photon energy range from 4 to 15 keV. The facility sup-
ports experimental activities in broad fields by offering high-quality X-ray optics, diagnostics, and detectors with
flexible experimental configurations. Key scientific resultsin diverse fields, as well as perspective on the facility
upgrade, will be presented.

I ntroduction

In June 2011, SPring-8 Angstrom Compact free-electron LAser (SACLA) in SPring-8, Harima, Japan
[1, 2] (Fig. 1) achieved the first lasing at 10 keV, after 5-year construction as a national project from
FY 2006 to FY2010. In March 2012, SACLA started user
operation, as the second X-ray free-electron laser (XFEL)
facility after the Linac Coherent Light Source (LCLYS) in
the United States, and the first compact XFEL facility in
the world. By combining a low-emittance electron-beam
injector, a high-gradient C-band linac, and short-period in-
vacuum undulators, SACLA generates intense short-
wavelength XFEL radiation below 1A with a moderate
electron beam energy of 8 GeV and a relatively compact
length of 700 m. To exploit full capability of SACLA, we
have developed state-of-the-art X-ray optics, diagnostics »
[3], fast 2D detectors (MP-CCD [4]), and various types of o o
experimental instruments [5]. Fig. 1. SACLA and SPring-8

Characteristicsof XFEL light from SACLA

At a photon energy around 10 keV, SACLA generates a high pulse energy of ~0.5 mJ/pulse
(~3-10™ photons/pulse) with a short pulse duration below 10 fs[6], which resultsin a high peak power
of several tens gigawatts. To further increase an intensity, we have developed a 1-um focusing
optics [7] and a 50-nm focusing optics based on a two-stage scheme [8], by using state-of-the-art re-
flective mirrors developed by a group of Prof. Yamauchi (Osaka Univ.). A significant intensity of
10%° W/cm?® generated by the latter has enabled unique opportunities for conducting sciences in ex-
treme conditions.

Another noticeable capability of SACLA is to generate two-color SASE XFEL light with a large
wavelength separation over 30% by employing variable-gap, in-vacuum undulators [9].

A pump-probe scheme, which combines femtosecond optical laser for pump and XFEL for probe,
is a powerful method to investigate ultrafast phenomena. Although a timing jitter between the optical
pulse and XFEL pulse, typically ~150 fsrms, has limited atemporal resolution, we have recently de-
veloped an arrival timing tool [10], which improves the time resolution to a sub-100 fs range.

Scientific achievements of SACLA

Initial scientific results from SACLA appeared in the beginning of 2013. Since then, a number of
papers in diverse fields, such as quantum X-ray optics, atom, molecular and optical (AMO) science,
ultrafast chemistry, structural biology, coherent imaging, and even elementary particle physics, have
been published. The latest publication list isfound in ref. 11

One of the outstanding capabilities of SACLA is the ability to produce ultrahigh-intense X-ray
pulses with the help of state-of-the-art X-ray focusing optics. Using the two-stage 50-nm focusing sys-
tem to produce an ultrahigh intensity of 10°° W/cm?, we observed an increase in the transmissivity of
7.1-keV X-rays by an order of magnitude for a 20-um-thick iron foil [12]. Thisisthe first observation
of saturable absorption of hard X-rays, which originated from the depletion of atoms in the ground
state after photoionization of the K-shell electrons.
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Intense XFEL pulses can further reveal nonlinear interactions with vacuum. Quantum electrody-
namics (QED) predicts the existence of photon-photon (y-y) scattering processes as a nonlinear effect
of vacuum. An advantage of short-wavelength X-raysis a higher cross section of y-y scattering, which
is proportional to the sixth power of the photon energy. Asai et a first attempted a direct search for
y-y scattering in the X-ray region by developing a beam splitter optics based on an X-ray interferomet-
ric technique [13]. Even though no events were observed in the signal region (18.1-19.9 keV), further
improvement of monochromaticity, as well as enhancement of the intensity, will enable us to improve
the detection limit by several orders of magnitudes and to approach a prediction of QED.

For biological applications, intense femtosecond X FEL pulses are highly useful for analysing struc-
tures of small samples with a damage-free condition, based on a so-called “diffract-before-
destruction” scheme. Shen et al. has revealed an intrinsic structure of photosystem Il (PS-1I) at an ex-
cellent resolution of 1.95 A [14] by combining SACLA with a conventional crystallographic tech-
nigque. As a next step, invetsigation of transient states after photo pumping will be expected. Also,
SACLA's excellent transverse coherence with high brilliance is applied for coherent diffractive imag-
ing (CDI) measurements for non-periodic, nano-sized particles. Nishino et al. reconstructed whole-cell
images of M. lacticum in aliving state, contained in a micro-liquid enclosure without any stains, with
afull-period spatial resolution of ~37 nm. They observed a high electron-density region inside the cell,
which possibly related to condensation of the DNA molecules.

Future per spective of SACLA

The limited availability of beamtime has been a common concern for world' s XFEL activities. To
address this issue, we started construction of a new beamline BL2 in 2013 as the second hard X-ray
FEL beamline at SACLA. We have achieved the firgt lasing of BL2 in October, 2014, and started op-
eration for usersin April, 2015.

Combination of XFEL and high power lasers is a promising scheme for developing high energy
density science. In tight collaboration with the HERMES (High Energy density Revolution of Matter
in Extreme States) project commenced by Prof. Kodama (Osaka University), we have installed high-
power laser systems, such as 40-TW and dual 500-TW lasers, and started commissioning.
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PHOTOLUMINESCENT NANOMATERIALSFOR VISUALISATION
OF MOLECULAR TRAFFICKING IN CELLS
TOWARDSDIAGNOSTICSAND THERAPY

A.V.Zvyagin
Laboratory of Optical Theranostics, N.I. Lobachevsky Nizhny Novgorod State University, Russia

Macquarie University, Sydney, Australia
andrei.zvyagin@mg.edu.au

Abstract. A productive confluence of Biophotonics with Nanotechnology have lead to emergance of new
biofunctional nanomaterials. Reported here fluorescent nanodiamonds (FND), nanorubies and upconversion
nanoparticles (UCNP) were applied to visualise and probe biomolecular processes in their comprehensive celluar
context. The exceptional photophysical properties of these nanoparticle pushed the sensitivity limit to the single
biomolecule detection, whereas the nanoparticles surface can host various surface moieties, enabling anchoring
of targeting and/or therpeutic cargo molecules. These nanoparticle biocomplexes, e.g. FND-EGFP, nanoruby-
DAMGO, (quantum dot)-somatostatin or UCNP-(mini-antibody) are pieced together to form hybrid nanocom-
plexes capable to enter cells or pathology lesionsto enable diagnosis and therapy.

Development of new approaches for the diagnosis and therapy of tumours (taken together, termed
Theranostics) — one of the most dynamic areas of Biomedicine, where new nanomaterias afford new
opportunities. The nanomaterial merits include: programmability of their physical and chemical prop-
erties; abundance of reactive functional groups on the surface; large effective surface area; optimum
size, which determines preferential accumulation of nanoparticles in tumour tissue due to the so-called
enhanced permeability and retention effect, EPR [1]. This paper reports on multifunctional theranostic
agents based on a new-generation biologicaly compliant photoluminescent nanoparticles with unique
optical properties — fluorescent nanodiamonds [2], nanorubies and upconversion nanoparticles.

UCNPs in the form of hexagonal crystallites NaY F, doped with Yb* and Er*" or Tm*" were syn-
thesised in the size range of 20100 nm by a modified solvothermal method [3] [see Fig. 1 (a, b)]. Na-
norubies mean-sized 30 nm were produced by a femtosecond laser ablation method and high-energy ball
milling, alowing the gram-scale, low-cost production. Nanoruby water and buffers colloids
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Fig. 1. Photoluminescence spectra at 975-nm laser excitation, TEM images and photographs of NaY F4:Y b:Er
(@), (b) NaYF4:Yb:Tm nanomaterials. The laser path was visualised in green and blue, respectively. (c) 3D-
rendering of UCNP-based nanocomplex (brown crystallite) with antibodies (double-strand purple structures)
bound to its surface via molecular adaptors barnase (cones), barstar (hemispheres); (d) Epi-luminescence micro-
scopy of the HER2/neu overexpressing SK-BR-3 cells (grey) with target-delivered UCNP complexes (green)
analogous to these in (c). Scale bar, 20 um. (d) A tumour grafted on the chicken embryo chorioallantoic mem-
brane, showing accumulation of UCNPs via enhanced permeability and retention effect (EPR)
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appeared to be remarkably stable, silane-based surface modification made the surface amenable for
attachment of biomolecules, such as designed ankyrin repeat proteins (DARPin) and mini-antibodies.
Initially hydrophobic UCNPs were hydrophilised and polymer-coated or impregnated into polymer
beads. We demonstrated binding of functional proteins by flexible design using high-affinity protein
adaptors Barnase:Barstar [4] [Fig. 1 (c)]. The attachment of therapeutic vectors for photodynamic
therapy, miniSOG and others, were also devel oped and demonstrated.

(c) Time gating OFF (d) Time gating ON (e) Overlay

Fig. 2. Images of cells treated with nanoruby in (a) normal and (b) time-gating modes, where only nano-
rubies are visible. Nanoruby-treated cell membrane were immunostained (antibody-Alexa Fluor 594) and
nuclei stained (Hoechst). Epiluminescence imaging display: (c) cell membrane and nuclei (green) (d) only
nanorubies, using time-gated mode; (€) an overlay of (c) and (d)

Optical imaging of our photoluminescent nanoparticles in cells using a home-built epiluminescent
microscope alowed visualisation of single nanorubies on the hefty background of cell autofluores-
cence and fluorescence dye-staining (Fig. 2). Target-delivered UCNPs rendered breast adenocarcino-
ma cells conspicuous among normal cells[Fig. 1 (d)]. Thein vivo accumulation of UCNPsin atumour
grafted on the chicken embryo chorioallantoic membrane via EPR is shown in Fig. 1 (e), demonstrat-
ing target-delivery of drugs to cancer sites. The therapeutic potential of such drugs as photodynamic
therapy active miniSOG-mini-antibody loaded onto UCNP was also successfully demonstrated in
cells.
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NON-LINEAR PHOTOACOUSTICSUSING GOLD COATED NANOEMULSIONS
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Abstract. Targeted theranostic strategies can be achieved using phase-change contrast agents. Ultrasound
can vaporize nanodroplets but often at high exposure parameters. We introduced light sensitive perfluorohexane
nanodroplets, adding 12 nm gold nanospheres at their surface. Pulsed NIR light can vaporize these droplets, en-
hancing thermal expansion and allowing non-linear photoacoustic imaging to gain specificity for molecular im-
aging. Moreover, the vaporization thresholds can be reduced using combined ultrasound and laser emissions
which enabled a real-time pulse sequence to image the droplets with very high contrast (30 dB) and specificity,
even at low concentrations.

Gold-coated nanoemulsions synthesis

Coalloidal gold nanospheres (GNS) with a mean diameter of 12 nm in an agueous buffer were syn-
thesized using a citrate reduction method. The particles were functionalized with two kinds of thiols,
PEG-thiol which is hydrophilic and butane-thiol which is hydrophobic. As aresults the GNS are stabi-
lized at the oil-water interface [Q] (cf. Fig. 1).

PEG-Thiol

—r il
; Emulsify h )
GNSs R With Oil
Saturate Surface With

Alkane-Thiol

Fig. 1. Formulation of NEB-GNS

Non-linear photoacoustics

An OPO laser (Surrelite OPO plus, Continuum, Santa Clara, CA, USA) delivering 10-ns pulse at
750 nm was used in this study. From a few mJ/cm?, the non-linear photoacoustic response of a NEB-
GNS sample can be measured thanks to the increase in thermal expansion [1]. However, it may be dif-
ficult to achieve such fluencies with deep penetration into tissue. If light is emitted when an US pulse
(here 1.2 MHz) reaches the target, there is a combined mechanica effect (from US) and heat (from
light absorbed by the GNS) [3].

#-~NEB-GNS
- —#—NEB-GNS (purified)
~¥-=GNS 12nm

Fluence (mJ/crr)

B T L T

0 05 1 15 2 25
Pressure (MPa)

Fig. 2. Vaporization thresholds (cavitation probabilities = 50%) for different light and US exposures
for the NEB-GNS sample, a purified one containing only nanodroplets and GNS as a reference

Given the high stability of nanodroplets due to high surface tension, one hypothesis was that the
heat at the surface could decrease surface tension to facilitate vaporization. Indeed, as shown in Fig. 2,
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the threshol ds are shown to change dramatically [4]. In addition, the vaporization parameters are with-
in the diagnostic exposure limits for both US and laser. Furthermore, when the droplet is vaporized,
the US field is automatically scattered by the bubble, which enables a dramatic signal enhancement
compared to pure photoacoustic measurements (more than 30 dB signal enhancement).

Sono-photoacoustic imaging

A linear array (L7-4, ATL, Bothdl, WA, USA) was controlled by a Verasonics Vantage 128 US
scanner (Redmond, WA, USA) operating with a custom interleaved PA — US sequence. The maximum
voltage of 96 V was used to maximize the pressure amplitude. By focusing a broad beam further than
the region of interest, the acoustic pressure was higher than in the case of a simple plane wave. For
each SPA image, an US image was acquired with 6 plane waves (-5° to 5°). The SPA imaging se-
guence contains two reference US frames with N-cycle emissions (3 MHz) with positive and negative
polarities (US™ & US). Then, two subsequent laser+US (LUS) acquisitions are done with positive and
negative polarities (LUS™ & LUS) which have the vaporization SPA signal, US scattering and linear
PA signals:

LUS* = SPA™" +US"" + PA (1)

To remove pure US scattering (Fig. 3 @), the subtraction (LUS" — US™) retreives the vaporization
signals mixed with linear PA signals. Then the following subtraction cancels linear PA signals [5] (cf.
Fig. 3b):

A= (LUS' -US')-(LUS -Us") @
SPA= PA" - SPA- )
a) US image dB

Fig. 3. @ US picture of a phantom: a PA acrylamide inclusion (dark) isfilled with droplets
at a6.3 pM concentration. b) Sono-photoacoustic imaging (hot scale) superimposed on the US picture
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TO EXPERIMENTAL INFLAMMATORY BOWEL DISEASE
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Abstract. A new technique termed Helical Optical Projection Tomography (hOPT) has been developed with
the aim to overcome some of the limitations of current 3D optical imaging techniques [1, 2]. hOPT is based on
Optical Projection Tomography (OPT) with the major difference that there is a trandation of the sample in the
vertical direction during the image acquisition process, requiring a new approach to image reconstruction. Con-
trary to OPT, hOPT makes possible to obtain 3D-optical images of intact long samples without imposing limits
on the sample length. We here use hOPT to obtain 3D-reconstructed images of the colon of DSS-treated mice, a
model for Inflammatory Bowel Disease, allowing the identification of the structural alterations.

I ntroduction

Long samples with high biological interest such as mouse spinal cord, long bones, colon or small
intestine, amongst others, have to be segmented prior to imaging. Up to date, it has therefore been very
difficult to image long samples in-toto with the existing techniques. Long samples such as the ones
described above are of great significance in current biomedical research topics such asintestina carci-
nogenesis, inflammatory bowel diseases, multiple sclerosis, and many others. Helical Optical Projec-
tion Tomography [1, 2] was developed with the purpose of imaging intact elongated samples. We here
apply it to inflammatory bowel disease studies.

Methods

Sample Preparation: Animals were kept at standard housing conditions providing water and food
ad libitum. The DSS model was established as described previously [3]. Briefly, age-matched mice
received 3.5% weight/vol DSS (36-50 kDa, MP Biomedicals) in the drinking water for 5 days fol-
lowed by 3 days of autoclaved water administration. Model development was followed up by measur-
ing weight loss daily. Prior collection of tissue samples, animals were deeply anesthetized and eutha-
nized. Tissues (colons, small intestines and spinal cords) were aseptically removed, washed with PBS
(colons and small intestines were also flushed with PBS) and fixed in 4% PFA for at least 24h at 4 °C.
After fixation, samples were washed twice with PBS, incubated with 1% weight/vol Triton X-100 for
30 minutes and washed again with PBS prior staining. Single staining with propidium iodide
(30 pg/ml in PBS; Sigma-Aldrich, St. Louis, MO) was performed at room temperature for 30 minutes
in dark followed by three washes of 10 minutes each with PBS. Once the staining procedure was com-
pleted, samples were mounted in 1.3% low-melting agarose (SeaPlaque, Lonza Rockland Inc, Rock-
land, ME). Mounted samples were then dehydrated by successive washes through a graded series of
methanol (25%, 50%, 75% and 1%; 1 hour per wash) and left in 100% methanol overnight. Mounted
samples were then transferred to BABB (benzyl alcohol and benzyl benzoate in a 1.2 ratio; Sigma-
Aldrich, St. Louis, MO) for at least 24 hours. Measurements were performed with the samples sub-
merged in BABB.

Results

Making use of hOPT we imaged colons from both healthy and dextran sodium sulphate (DSS)-
treated animals, as a model of Inflammatory Bowel Disease (see Methods). As shown in Fig. 1, not
only macroscopic aspects such as colon length (note the reduced length of the DSS colon in Fig. 1a),
but also alterations at a microscopic level (such as disruption of the villus structure) can be observed in
the 3D volume rendered imagesin Fig. 1b and 1c.

Conclusions

We here show studies of inflammatory bowel disease of intact samples, which enable imaging of
morphological changes with cellular resolution. It is important to note that these observations provide
information on the development and severity of the disease by studying the intact 3D structure of the
entire organ, which was previously only partly possible by histological analysis of successive micro-
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tome slices of small portions of tissue or by imaging tissue segments [3, 4]. Here we demonstrate that
the use of hOPT represents a potential fast alternative to such analysis allowing the visualization of the
entire sample and therefore providing unique information not possible to obtain otherwise.

normal intestinal

/‘\ mucosa
\ ;
/v

Y severe loss of villus structure 1 mm
- mucosal architecture  disrupted —

Fig. 1. Visudlization of inflammation-derived alteration in mouse colons from DSS-treated animals. The
DSS model of colitis was established in C57BL/6 mice. Colons were obtained from healthy and DSS-
treated animals and samples were prepared and imaged as described in Methods. @) Volume render of a
whole mouse colon from a DSS treated animal and (b) open volume renders of two DSS (asterisks indi-
cate same colon sample) and one healthy (ct - control) mouse colon, including coronal dlices of the area
marked with the green arrowheads in (c). Tissue alteration in the inflamed mouse colon due to disruption
of the villus structure can be observed in the 3D reconstructed data.
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Recent technological advancements in the photonics industry have real progress toward the develop-
ment of clinical functional imaging, surgical and therapeutic systems. Development of the optical methods
in modern medicine in the areas of diagnostics, surgery and therapy has stimulated the investigation of opt-
ical properties of human tissues, since the efficacy of optical probing of the tissues depends on the photon
propagation and fluence rate distribution within irradiated tissues. Examples of diagnostic use are the fol-
lowing: the monitoring of blood oxygenation and tissue metabolism, detection of malignancies, and recent-
ly suggested various techniques for optical imaging. Therapeutic usage mostly includes applications in la-
ser surgery and photodynamic therapy. For these applications, the knowledge of tissue optical propertiesis
of great importance for interpretation and quantification of the diagnostic data, and for prediction of light
distribution and absorbed energy for therapeutic and surgical use. Numerous investigations related to de-
termination of tissue optical properties are available in literature however the optical properties of many
tissues have not been studied in a wide wavelength range.

In this report the tissue optical properties (absorption coefficient, scattering coefficient, reduced scatter-
ing coefficient, and scattering anisotropy factor) are presented. We summarize the optical properties of hu-
man eye sclera, dura mater, bone, skin, subcutaneous adipose tissue, maxillary sinus, colon, muscle, pariet-
a peritoneum, nails, lung, pancreas, nasal polyps, tonsils, and stomach mucous measured in the visible —
NIR spectral region. Optical models, which describe wavelength dependence of the optical properties of the
tissue, have been presented.
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Abstract. Parkinson's disease is a progressive neurological disorder which can be associated with altered
cellular metabolic state. We applied two-photon fluorescence lifetime imaging (TP-FLIM) of cellular coenzymes
NADH and FAD to monitor the cellular metabolic state in PC12 cell based PD model. Our results show a signif-
icant decrease in the cellular metabolic rate and change in cellular microenvironment after the PC12 cells, were
treated with NGF, and then with MPP" to induce PD like conditions at the cellular level. These findings may
further pave the way for application of TP-FLIM in PD tissue and anima models.

I ntroduction

Fluorescence lifetime imaging microscopy (FLIM) of autofluorescent coenzymes reduced nicoti-
namide adenine dinuclectide (NADH) and flavin adenine dinucleotide (FAD) remains relatively unex-
plored as the optical metabolic imaging technique in neurodegenerative diseases. These metabolic co-
enzymes NADH (at complex 1) and FAD (at complex 1) are the primary electron donor and acceptor,
respectively, in the electron transport chain of the oxidative phosphorylation process in mitochondria
[1]. Moreover, mitochondrial dysfunction and metabolic state change are considered primary in the
progressive neurodegenerative disorder in the development of Parkinson's disease (PD) [1]. In this
work, two-photon fluorescence lifetime imaging microscopy (TP-FLIM) was applied to determine the
fluorescence lifetime as well as the amounts of NADH and FAD in PC12 cedlls, treated with nerve
growth factor (NGF) to differentiate into neuronal cells. The neuronal cells were further treated with
MPP" (1-methyl-4-phenylpyridinium) to induce PD syndromes and the differences in fluorescence
lifetime and the amounts of reduced NADH and oxidized FAD before and after the treatment were
measured and compared. Our preliminary results show significant differences in the fluorescence life-
time of both free and bound NADH and FAD in the PD induced cells vs. the control cells. Moreover,
the ratio of free to protein bound NADH as well protein-bound to free FAD ratios showed significant
differencesin PD induced cells vs. the control cells. Further studies will be required for a better under-
standing of the role of cellular metabolism in PD progression.

Materialsand Methods

TP-FLIM, NADH and FAD Imaging, Data Analysis

A mode-locked Ti:sapphire laser (Tsunami, Spectra-Physics, USA), with 81 MHz picosecond laser
pulses, was used as the two photon excitation source for imaging. In our study, 770 and 860 nm wave-
lengths were used for the excitation of NADH and FAD respectively. The fluorescence emission and
the reference signals were combined with the time-correlated single-photon counting electronics board
(TCSPC, PicoHarp300). Data acquisition and analysis was done by a commercia software package
SymPho Time (PicoQuant GmbH, Germany). Fluorescence lifetime was determined from the decay
function 1.(t) of NADH (and FAD), derived from the convolution of an instrument response function
(linsrus ~ 188 psin our case) with a double exponential function (Eg. 1), with offset correction for dark
noise (lp), as shownin Eqg. 2.

—t/z,

F()=ae M +a,e 1

a

lo(t) = j' lnsru [ 1o + F( dt @

—-a

where ale_“rl and aze_m2 denote the contributed fuorescence decays from short and long lifetime

components of free and bound NADH, respectively; 1, and 1, represent their corresponding lifetime
constants; and a, and & refer to their corresponding relative amounts. The interpretation of these is
exactly the opposite for FAD contributions.
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Results, Discussions, and Conclusions

In this study, we applied two photon fluorescence lifetime imaging technique to compare cellular
metabolism between normal vs. PD induced neuronal cells. Fig. 1(A) shows the fluorescence lifetime
images of NADH in the cells at several concentrations of MPP'. Analysis of the fluorescence lifetime
values in regions of interest (ROI) drawn around specific cells or group of cells reveals that the aver-
age lifetime of NADH and the short as well as long lifetime components decreased with increasing
MPP+ concentrations [Fig. 1(B)], indicating a strong cellular microenvironment change. Moreover, ratio
of the free to protein bound NADH components (a/a) increases statistically significantly [Fig. 1(C)]
with increasing M PP+ concentrations, suggesting alower metabolic rate in the PD induced célls.

(A) (B)

L] b [

NS

= Control 2w ae o
= 00 pv o . 4 . I

250 M i * £—

W 500 pM o - -
= 1000 uM

5), Ty (msh, and 1., (ns)

[ [ TR T R 1]
MPP* concentrations (WM )

= Free NADH Protein.baun
Avg. Lifetime lifetime (x,) NADH lifetio
ir)

Fig. 1. Summary of the effect of M PP" on NADH fluor escence lifetime. (A) Images of average two-photon
fluorescence lifetime (color coded) of NADH of () the control cells, and of cellstreated with (b) 100, (c) 250,
(d) 500, and (€) 1000 uM of MPP*. Scale bar: 20 um. (B) Summary of fluorescence lifetimes. (C) Dependence
of freeto bound NADH ratio (ay/a,) on MPP* concentrations. Statistical significance: *: P < 0.05, **: P < 0.005
for control vs. MPP+ treated cdlls; # P < 0.05, ## P < 0.005 for 100 uM vs. other MPP" treated cdlls; NS:
P> 0.05 for insignificant difference among the cells treated with 250, 500, and 1000 uM of MPP"

Likewise, Fig. 2(A) shows the fluorescence lifetime images of FAD. After analyzing the data, we
observed that the two fluorescence lifetime components and the average lifetime decreased, compared
with the control cells without MPP* treatment, further confirming the cellular microenvironment
change [Fig. 2(B)]. In this case, the amount of change was relatively insensitive to the MPP" concen-
tration. However, the ratio of free to protein bound FAD components (a,/a;) decreases significantly
with increasing MPP* concentrations [Fig. 2(C)], suggesting a lower rate of metabolic activity in the
PD induced cells.
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Fig. 2. Summary of the effect of MPP* on FAD fluorescence lifetime. (A) Images of average two-
photon fluorescence lifetime (color coded) of FAD of (a) the control cells, and of cells treated with (b)
100, (c) 250, (d) 500, and (e) 1000 uM of MPP+. Scale bar: 20 um. (B) Summary of fluorescence life-
times. (C) Dependence of free to bound FAD ratio (a/a;) on MPP+ concentrations. Statistical signific-
ance: *: P < 0.05 for control vs. other MPP+ treated cells; NS: P > 0.05 for insignificant difference among
100, 250, and 500 pM; #: P < 0.05 for 100 vs. 1000 pM; &: p < 0.05 for 250 vs. 1000 pM; e: p < 0.05 for
500 vs. 1000 uM

In conclusions, TP-FLIM unravels the differences between normal vs. PD induced PC12 cellsin
the cellular metabolic level. Further studies may lead to a better understanding of the pathology of PD
at the molecular level.
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Abstract. Diffuse optical imaging of tissue can be used to characterize molecular features of tissue for the
detection, diagnosis, and/or management of cancer therapy. Current developments in technical and computation-
a approaches for breast cancer imaging as well as functional imaging of the human brain as well as some pre-
clinical applications will be presented.

Light is a powerful tool for in-vivo investigation of biologica tissues [1]. In the 600-1100 nm
range it is not harmful for biological media at low power densities (few mW/mn), permitting use of
in vivo non-invasive diagnostics. The low tissue absorption in this wavelength range makes it possible
to look into the body at few cm of depth (e.g. the brain cortex) or through more than 6-8 cm of tissue
in transmittance (e.g. compressed breast). Furthermore, light carries multiple useful information from
the visited tissues linked either to absorption (e.g. tissue composition, oxygenation), or to scattering
(e.g. tissue microstructure) or even by exploiting selective fluorescent markers to specific biochemical
targets. In the same spectral range most tissues are highly scattering. This is a most severe challenge,
causing scattering to absorption coupling, strong attenuation of the remitted light with exponential de-
pendence on the visited depth, blurring effects impairing spatial resolution.

Breast Imaging

Near-infrared spectroscopy (NIRS) of breast tissue can potentially provide quantification of absor-
bers, scattering and luminescent markers via the consideration measurement data and model-based
parameter recovery which are based on realistic assumptions [2]. Such assumption, based on prior
knowledge can be critical about things such as (i) the tissue shape and/or structure, (ii) spectral consti-
tuents, (iii) limits on parameters, (iv) demographic or biomarker data, and (v) biophysical models of
the temporal signa shapes. Through the use of a framework based on NIRS imaging with prior infor-
mation is shown that prior information datasets could be incorporated at any step in the NIRS process,
with the general workflow being: (i) data acquisition, (ii) pre-processing, (iii) forward model, (iv) in-
version/reconstruction, (v) post-processing, and (vi) interpretation/diagnosis.

One of the most exciting and promising applications of NIRS based imaging is through its use in
prediction of breast tumor response to neoadjuvant chemotherapy [3, 4]. It has been shown that
through quantitative imaging of total haemoglobin and oxygen saturation, of the same patient repeated
over short period of time, it may be possible to identify responders from partial or hon-responders to
aid clinical prognosis.

Brain Imaging

Functiona brain imaging has become an important neuroimaging technique for the study of brain
organization and development. Compared to other imaging techniques Diffuse Optical Tomography
(DOT) is a portable and low-cost technique that can be applied to infants and hospitalized patients.
Studies have shown that brain activation tasks such as inhibiting reflexive saccades task and hierar-
chical language tasks are correlated across multiple brain regions. Some neurodevel opmental disorders
such as Alzheimer’s disease, schizophrenia and adolescent depression have aso been shown to be re-
lated to the distributed brain networks. Functional connectivity brain imaging is focused on the corre-
lation between diverse brain regions and mapping of the functional networks. Traditional task-based
functional imaging may not be suitable for some subjects such as unconscious patients and infants.
Resting-state functional connectivity imaging provides a task-less approach to anayse correation
between diverse brain regions during spontaneous activity and mapping the resting state networks [5].
Wide field imaging assesses brain activation from multiple functiona regions simultaneously and
can be used for both task-based functional connectivity and resting-state functional connectivity imag-
ing. DOT is a NIR based imaging technique that has shown its ability to recover brain function
of an adult, within 20mm depth of the cortex surface by monitoring changes in oxygenated haemoglo-
bin and deoxygenated haemoglobin based on measures of transmitted/reflected NIR signal from the
scalp [5].
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Small Animal Luminescence Imaging

Bioluminescence imaging (BLI) is widely used for in vivo pre-clinical biomedica studies where
the aim is to image distributed biological light sources, such as luciferase-tagged cancer cells, located
inside a living animal. BLI images are often used to estimate the concentrations and spatial distribu-
tions of reporters and thus to infer biologica activity from images of the measured surface radiance.
However, the validity of quantification using BLI data is limited due to the unknown, highly attenuat-
ing and scattering properties of biological tissue. This leads to ambiguous data and inaccurate analyses
derived directly from captured two-dimensional images, particularly for deep sources.

A novel multi-modal optical imaging system for quantitative 3D bioluminescence and functional
imaging has been developed with key novelties of (1) the physical set-up and (2) it uses spectrally-
constrained diffuse optical tomography to reconstruct concentrations of absorbing agents allowing the
deduction of optical properties at wavelengths beyond those measured. This is a useful prior for bi-
oluminescence tomography as well as a new window into small animal physiology [6].

M odel-based image reconstr uction

The development of diffuse optical tomography as a functional imaging modality has relied largely
on the use of model-based image reconstruction. The recovery of optical parameters from boundary
measurements of light propagation within tissue is inherently a difficult one, because the problem is
nonlinear, ill-posed and ill-conditioned. Additionally, although the measured near-infrared signals of
light transmission through tissue provide high imaging contrast, the reconstructed images suffer from
poor spatia resolution due to the diffuse propagation of light in biological tissue. The application of
model-based image reconstruction is reviewed in detail elsewhere [7], together with a numerical mod-
eling approach to light propagation in tissue as well as generalized image reconstruction using boun-
dary data.

There exists a set of open-source modeling and image reconstruction tools, NIRFAST
(www.nirfast.org) that has provided a set of standardized tools for applications to DOT as well as
small animal luminescence based imaging. Multimodal approaches that combine NIR and convention-
a imaging modalities have been shown to improve optical parameter estimation dramatically and
representing a prevailing trend in NIR imaging. These approaches typically involve applying anatomi-
cal templates from magnetic resonance imaging/computed tomography/ultrasound images to guide the
recovery of optical parameters. However, merging these data sets requires multiple software packages,
substantial expertise, significant time-commitment, and often results in unacceptably poor mesh quali-
ty for optical image reconstruction. The open-source tools available via NIRFAST addresses these
challenges directly by introducing automated digital imaging and communications in medicine image
stack segmentation and a new one-click three-dimensional mesh generator optimized for multimodal
NIR imaging, and combining these capabilities into a single software package (available for free
download) with a streamlined workflow.
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Abstract. The concept of extension and addition of holographic microscopy by advantages of a method of
the fluorescence analysis of BaLM is provided. Ways of combination of techniques in the same optical scheme
are described. The key parameters influencing achievement of maxsimum possible resolution are considered. As
aresult in case of visualization of the samples, which transparent in optical band, three-dimensional super reso-
Iution is received that significantly expands possibilities of the noninvasive analysis of biological samples.

At operation with the majority of biologica objects researchers have some problems. The main
problem is small distinctions in optical transparency of intracellular components. It gives low contrast
of the image and integral distortions in case of study of non-uniform and optically tranducent objects.
Low contrast of the image complicates not only visual perception, but also hinders quantitative mea-
surement of its characteristics. Applications of such approaches as a method of a dark field or a me-
thod of phase contrast [1] give only a qualitative result. Differential interference contrast (DIC) is ac-
ceptable for the quantitative estimates only for object areas with a high gradient of optical characteris-
tics[2]. Lately, laser confocal scanning microscopes are used for laboratory researches of such objects.
For example, this approach is actively used for research of biological samples structure and functional
features. Such microscopes use z-scanning for obtaining the volume image, when the optical dices of
the researching sample, which are received by means of a confocal diaphragm, are scanned sequential -
ly with relocation along an optical axis between frames. Then the three-dimensional image is built by
software processing operations. But use of such confocal microscopes only slightly improves trans-
verse resolution, and longitudinal resolution, though considerably improves, remains limited by dif-
fraction limit. Besides, in case of research of the fast-proceeding processes in live objects, the image
thus received not absolutely correctly displays area sample as scanning happens quite slowly and the
object changes during such scanning. It doesn't allow to make quantitative measurements. For
achievement of registration of dynamic changes in biological cultures with higher resolution the mod-
ern STED [3] methods or 4-nt [4] microscopy are usually used. But any of the listed hi-end approaches
doesn't yield the universal optimum results as it reaches improving separately of either longitudinal or
transverse resolution. Simultaneous improvement of resolution in all spatial measurements is realized
in technically difficult techniques of STED microscopy [5], STORM [6, 7], PALM [8] and others, but
the long data collection is necessary, so they are suitable only for the fixed samples.

Application of holographic techniques for creation of the three-dimensional structure of biological
samplesis free of these limitations so it is the perspective direction in study of biological objects with
achievement of ultrahigh three-dimensional and necessary time resol ution.

Also, we show off-axis holography setup on the base of Carl Zeiss LSM 510 microscope, which al-
lows to research dynamics of change of live biological objects. In this case, reference beam, which is
coherent with the object beam, isintroduced under the cal culated optimum angle from the outside. The
image of object is reconstructed numerically by double Fourier transformation algorithm with filtering
in the frequency area.

As aresult of application of the holographic recording method and further reconstructing of phase
and amplitude information of object, there was an opportunity to carry out visualization of the dynam-
ic changesin live biological samples. The developmenta data on the example of research of neurona
plasticity were obtained. The perspective direction of development of this approach is a combination
with methods enriching obtaining information at observation of neural cultures. For example hologra-
phy united with calcium imaging is reaized [9].

Application of holographic approach alows to receive ultrahigh sensitivity to longitudinal changes
in optical length. But transversal resolution is the same as in diffraction limited microscopy. For re-
solve of this restriction it is possible to combine holographic method with one of approaches to im-
prove transversal resolution, which meets certain requirements. Among them one of the main is speed
of registration for achievement of high time resolution, and also compatibility with already applied
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widely-distributed approaches to study biological objects, such as a calcium imaging or electrophysi-
ology. Taking into account these restrictions, the best approach for overcoming of a diffraction limit in
the transversal direction is the method of the fluorescence analysis of BaLM. (Bleaching/blinking as-
sisted localization microscopy) [10]. It’s fluorescence analysis, which basic approach consists in exci-
tation of fluorescence and registration of fluorophore blinking. Then consecutive frames are subtracted
the each other. This operation cleaning thereby a contribution from the molecules fluorescing on two
subsequent frames. As a result there are images of separate molecules in the form of functions of a
point spread function (PSF). All difference elements that is less, than the estimated PSF size, aren't
considered. The remaining have a center of illumination that is given as localization of molecules of a
fluorophor. Similar holographic scheme is suitable for use of BaLM method. However, for this pur-
pose, to cut fluorescence of molecules from the exceeding exciting radiation it is necessary to set the
filter before the registering matrix. Both for recording of holograms, and for fluorescence excitation,
the coherent laser beam is used. For a holographic method the power of the used illumination influ-
ences only exposure time, but for the BaLM method the selection of the source of radiation and its
parameters is absolutely important. Depending on a absorption spectrum of a specific fluorophore, it is
necessary to select optimum wavelength of excitation. However it is most important to evaluate the
power of exciting radiation correctly. Record of a series of frames with flicker is necessary for the ac-
curacy of localization of separate molecules of a fluorophore, i.e. it is necessary to mark acts of igni-
tion and blanking of separate molecules on all field of view in order to further definition of their cen-
ters. Therefore parameters of a fluorophore, lighting source, and a so registering digital array shall be
considered in calculation of optimum excitation power.

As aresult of combination of holographic approach for improving of longitudinal resolution and a
method of the fluorescent analysis of BaLM for overcoming of an Abbe diffraction limit in atransver-
sal section, it was succeeded to work out approach for visualization of microscopic biological samples
and dynamics of their changes with superresolution both in transversal plane and optical path differ-
ence.
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Abstract. Point scanning OCT is ultimately limited in sensitivity and speed by shot noise and laser safety
regulations. Higher speed is still possible by going parallel, either using full field or line field illumination. We
demonstrate MHz A-scan rate with line field OCT for in-vivo retinal imaging, achieving over 94dB sensitivity in
a single frame without averaging. The fast imaging rate is made possible by combining an off-axis approach for
full range signal reconstruction with swept source based line field OCT (LPSI). Parallel OCT has the further
advantage of intrinsic phase stability. We use this feature for digital refocusing employing a smple geometric
optics based algorithm. With this algorithm we achieve an extended field of view over 3mm with maintained
lateral resolution. Finally, fast tomogram sequences allow for lable-free retinal angiography as is shown for the
parafoveal region in-vivo.

Summary

There are several inherent advantages of high speed imaging in OCT. For structural imaging high speed
alows to record large fidld of view patches being only margindly affected by motion artifacts. Further-
more, an additiona coordinate being time can be added to volumetric imaging, which is of gaining interest
for studying dynamic sample properties as in elastography or in angiography. In particular Fourier Domain
OCT enabled high speed imaging with high sensitivity: imaging speeds of up to 1 MHz were reported a a
central wavelength of 840 nm, using spectrometer based FD OCT [1]. The development of frequency-
domain mode-locked (FDML) swept source lasers set the stage for retina imaging at acquisition speeds
exceeding 1 MA-scang/s[2]. Point scanning devices are however ultimately limited in speed and sengitivity
by shot noise and laser safety regulations. Klein et d. estimated a minimum required sensitivity of 95 dB
for clinica imaging a 1060nm center wavelength with a corresponding maximum A-scan rate below
1 MHz [2]. Pardlled OCT can further extend the speed capabilities of OCT, as line fidd (LF) or full field
(FF) approaches are considered as extended illumination systems, that alow applying higher power to the
sample. Retind imaging with full field swept source OCT (FF SS OCT) was demonstrated at a maximum
acquisition speed of equivdent 1.5 MA-scang/s [3]. FF OCT completely gives up the confoca gating,
which resultsin loss of structura contrast due to scattered light. LF OCT on the other hand ill keeps haf
of the confocal gate. With spectrometer based line field OCT an acquisition speed of 51 kHz for 3D imag-
ing and a detection sensitivity of 89 dB has been achieved [4]. We present firgt results of in vivo three-
dimensiona (3D) retind imaging with Line-field paralel swept source imaging (LPSI) and demonstrate
3D numericd refocusing to extend the effective depth of focus.

In LPSI a spectral interference pattern is obtained after illuminating a standard Michelson interfe-
rometer with a frequency swept source and detected by afast linear pixel array sensor. The setup for in
vivo retinal imaging is based on the one presented in our previous work and adapted for retinal imag-
ing [5]. We employ a Superlum Broadsweeper 840M with afiber output power of 20 mW. The sample
power of 4.6 mW is well below the maximum permissible exposure (ANSI standards). A spectral
bandwidth of approx. 30 nm full width at half maximum (FWHM) after applying a Gaussian window
function yields an axial resolution of 12 umin air. The optical path of the reference arm is aligned off-
axis with respect to the sample arm, which is a well established method in holography to separate the
complex conjugate (CC) artifact and the non-interferometric background (DC) from the interferome-
tric cross correlation signal being the structure term. An angle between reference and sample field
creates an intensity modulation of the cross correlation signal along the lateral paralel coordinate,
which leads to a separation of the respective interference terms in spatial frequency space. Band-
limiting the spatial frequency content of the imaged object structure to one half of the full frequency
space via an adjustable dit allows removing the CC artifact and attenuating the DC term for full-range
imaging. Hence, the number of spectral sampling points can be reduced by a factor of two to increase
the imaging speed. We performed 3D retina imaging at different lateral resolutions and acquisition
speeds ranging from 600 to 1000 kA-scans/s and a detection sensitivity of 97 to 94 dB in a single
frame without averaging, respectively. Furthermore we apply a scheme for mitigating the lateral Gaus-

46



sian signal decay through inverse Gaussian intensity weighting. Fig. 1 shows imaging results for in-
vivo retinal imaging obtained at 600 kA scang/sec.

Blood
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Fig. 1. (a) retinal scan across 30 deg at 600 kHz A-scan rate.(b) 3D rendered scan
at optic nerve head region with orthogonal cross sections shown above

Figure 2 shows the performance for increasing A-scan rates, from 600 kHz to 1 MHz over a 6 deg
lateral field of view. The spurious bright line is the rest of the DC term at the center of the axia full
range. The tomograms are single frame images without any averaging applied.

Fig. 2. Retinal imaging with (&) 600 kHz (b) 800 kHz (c) 1 MHz A-scan rate;(d) OCT microangiography

Fast tomogram sequences alow furthermore to perform OCT micro-angiography by calculating the
average difference between successive logarithmically scaled tomograms [6]. The result is plotted in
Fig. 2 (d) for the inner retinal vasculature in the parafoveal region. Parallel OCT has the advantage of
being phase stable within full tomogram frames. In a recent work we were able to demonstrate the ca-
pability to perform digital refocusing over a field of view of 3 mm in depth [7]. In conclusion we
demonstrate 3D in vivo retinal imaging of up to 1 MHz A-scan rate and more than 94 dB sensitivity
with line-field parallel swept source interferometric imaging employing commercially available and
cost-effective technology.
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Abstract. We compared reconstruction efficacy for different transillumination fluorescence diffuse tomo-
graphy (FDT) scanning methods: point source moving along object’s boundary, and the detector is a stationary
CCD camera (traditional FDT schema), spectral fluorescence diffuse tomography (SFDT) with a point excitation
source and a point detector with spectral resolution move along the boundaries of the object, and different mod-
ifications of traditional FDT and SFDT schemes. It was found, that the one-sided scanning scheme is worse than
the two-sided scheme with replacement of source and detector positions; for SFDT schemesit is preferable when
source and detector move axially; the numerical characteristics of the 2-sided FDT and SFDT schemes are al-
most the same.

I ntroduction

The Reconstruction quality in Fluorescence Diffuse Tomography (FDT) depends essentially both
on scanning method (optimal set of source and detector positions), and on the additiona temporal and
spectral information of the emission light. In this study we consider 6 transillumination schemes:

e FDT —asimple scheme: a point source with A, wavelength moving along object’ s boundary, the
detector is a stationary CCD camera with emission filter, thus detecting emission band A, inte-

graly.
e FDT, 2 side —the scheme is smilar to FDT, but the source and the detector are located on both
sides (front and back) of the object.

e SFDT — spectral fluorescence diffuse tomography: a point excitation source A, and a point de-
tector with spectral resolution move axially along the boundaries of the object. The detector senses
the whole emission spectrum A, .

e SFDT, 2 side — the scheme is smilar to SFDT, but the source and detector are located on both
sides of the object.

o SFDT-2 — spectral fluorescence diffuse tomography with point excitation source A, . The point
detector can move along object’s boundary and sense the whole emission spectrum.

e SFDT-2, 2 side — the scheme is similar to SFDT-2, the source and detector are located on both
sides of the object.

We compared the efficiency of these schemes in terms of reconstruction in the following numerical
experiment.

Methods

If the initial volume is divided into N pairwise digoint sets, then the spatid distribution of fluoro-
phore concentration can be found as a solution of the system of linear equations with dimension M x N:

Av=p, AcR"" veR", peR"

A:{aj20,i:],_M,j:],_N},v:{vjZO,j:L—N}' @)

where M is the number of different positions of the source and detector pair for each (4,,4,,) pair,
each element of matrix A corresponds to the point-spread function, V is a vector form fluorophore
concentration, p isavector of measurements.

Analysis of such a system is usualy based on spectral decomposition of matrix A. The calculated
Shex (A) ratio is
Smin (A)
called the condition number of matrix A and is denoted by cond(A). It is supposed that, if
cond(A) >10", then system (1) isill-conditioned and requires special, so-called regularizing methods

singular values are sorted in descending order s, (A)=S5,S,,S;...Sy = Sun (A, the
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[1]. Another characteristic which can be used for solution of system (1) (with non-negative constraint

M
of matrix elements and solution) is the number m(A) = min > a% . The meaning of the coefficient is

i=1

described in more detail in[2].
Results and discussions

Numerical simulation was performed for the object with rectangular dimensions (WxHxD)
15x%15%13 mm. The optical parameters were close to those of |aboratory mice [3]. The anisotropy con-
stant g = 0.7. Excitation and emission spectra corresponds to the far red fluorescent proteins and dyes:

Ao =590 nm, emission band is A,, =600+750 nm. The number of experimental data points M

was selected about the same ~ 28000 for all schemes. The reconstruction grid was 15x15x13 mm, i.e.
N = 2925. The results of matrix analysis (singular values, condition number, and the number m) for
different FDT methods are shown bel ow.

10°

- FDT
—FDT, 2 side
—-SFDT
-=-SFDT, 2 side
—SFDT2
---SFDT2, 2side |
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Fig. 1. Singular value as a function of its number. Horizontal dashed line indicates 10 |evel

10

Sch SF
eme FDT SFDT DT-2
1 11 12 >10
Condition side ~10 ~10 20
number 2 10 1 >10
Sdes ~10 ~10 15
i ! ~10° ~10°8 1310
m(A) Sge
2 10° ~5x10 ~10
sides = S 8

The conclusions following from the table: 1) The one-sided scheme is worse than the two-sided
scheme, 2) the SFDT-2 scheme is unviable, 3) the numerical characteristics of the 2-sided FDT and
SFDT schemes are ailmost the same. But the singular values of SFDT are greater nearly everywhere
than those of FDT (greater is better).
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Abstract. An optoacoustic microscope was realized to image vasculature of rodent both with optical and
acoustical resolution. Excitation is performed with a 100 Hz repetition OPO laser (680 — 900 nm) allowing a fast
scan of alarge field of view (9 x 9 mm). The acoustic pathway was optimized for high SNR. The microscope
was used to image the vasculature in the brain of healthy and cerebral malaria infected mice with the goal to di-
agnose vessel dilatation and/or contraction, thickening of the vessel walls and vessel leakage. Preliminary results
will be presented and discussed.

I ntroduction

Cerebral malariais a complication of Plasmodium infections in humans that claims the lives of ap-
proximately 600,000 children in endemic areas. The pathology of cerebral malaria caused by the lethal
strain Plasmodium falciparum is closely related to parasite sequestration in the brain vasculature,
which results in vascular leakage, and microrrheological alterations that lead to severe restriction of
the venous blood flow in the brain. This results in unarousable coma and death in humans. Surviving
patients are at risk of neurological and cognitive defects, ad further disability. Although various hypo-
theses on the mechanisms of brain injury by P. falciparum have been developed, the exact mechanisms
of damage and pathology, and ways to prevent such neurologica complications, remain incompletely
defined.

Experimental cerebral malaria (ECM) models are best reproduced by infection of C57B/6 mice
with P. berghel ANKA. Within a window of 6-9 days post-infection, C57B/6 mice succumb to cere-
bral malaria, with symptoms including loss of coordination, weakness of muscles, loss of weight, and
disorientation, among others. Following imaging of histology sections, intravital microscopy, micro-
CT, and SPECT have shown that although parasite sequestration to brain venules is less pronounced in
mice than in humans, significant recruitment of leukocytes to the brain contributed to important
changes in hemodynamics and brain blood barrier disruption. Leukocytes include CD8+T cells, neu-
trophils, and macrophages, as well as upregulation of ICAM1 by vascular endothelia, which in hu-
mans is believed to enhance parasite sequestration. Both of the immunopathological effects of this re-
cruitment and parasite sequestration result in an increase of intracranial pressure, |eading to vasogenic
oedema. Mogt studies so far have focused on single time anayses by intravital microscopy of host-
parasite interactions in the brain at a cellular level. Macroscopic techniques so far used in the field, do
not provide the necessary resol ution to observe vascular leakage and changes over time.

The goal of this study therefore was to use optoacoustic imaging which has been proven to be ca-
pable of non-invasive, high-resolution, label-free imaging large field of view brain vasculature of ro-
dent in-vivo with high resolution for detecting vascular changes in consequence of the development of
cerebral malaria infection. Besides imaging structural changes optoacoustic imaging also is able to
image oxygen metabolism due to the specific optical absorption spectra of oxy- and de-
oxyhemoglobin.

M aterialsand methods

An optoacoustic microscope was designed such that both optical resolution using a diffraction li-
mited beam and acoustica resolution using either bright field or dark field illumination could be ap-
plied. For illumination a 100 Hz repetition rate OPO laser was used, coupled into an optical fiber and
focused by a microscope objective onto the sample surface. Care was taken that the radiant exposure
used was well below the laser safety limits. The generated optoacoustic signal is collected with an
acoudtic lens, reflected by a layer of silicone oil sandwiched between two prisms and finally detected
by a 50 MHz center frequency ultrasonic transducer. This results in a measured acoustic resolution of
88 umin lateral and of 43 umin axia direction. Scanning (step size 30 um) was performed by moving
the whole microscope over the sample using a motorized x-y stage. For in-vivo optoacoustic scanning

50



a9 x 9 mm region on the head of the mouse was imaged by raster scanning. The mouse was anesthe-
tized and the body temperature of the animal was maintained using an IR-lamp. The experiments were
performed with the approval of the Ethics Committee for Animal Experiments at the Canton of Bern,
Switzerland.

Results and discussion

Figure 1 shows first results of the vasculature of a mouse before, 5 days and 7 days after cerebral
malaria infection. The images were taken from three different animals which makes an interpretation
of these preliminary results difficult. Nevertheless, repeated imaging of mice at different malaria in-
fection stages showed similar results.
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Fig. 1. Maximum intensity projection images of the brain vasculature of a mouse with the scalp removed.
The comparison clearly shows a decrease in the symmetry of the vessel structure and an increase of ves-
sels with continuation of the cerebral malariainfection

Future experiments will be performed on one animal and with different wavelengths to image not
only the vessel distribution but also the blood oxygenation.

Currently, we are further reducing all the acoustic losses at the different interfaces to increase the
SNR of our system. The goal is to image the vasculature of the brain with the scalp intact. This im-

proving will render multispectral optoacoustic imaging possible.

Conclusion

Optoacoustic microscopy was used to image the brain vasculature of cerebra malaria infected
mice. The comparison of images taken from different mice at various stages of infection showed
changes in the number and orientation of the vessels, which has to be validated by experiments per-
formed on one single animal but at different stages of disease.
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An endoscopic common-path OCT setup with circular polarization of a probe wave for cross-
polarization (CP) measurements during pre-clinical and clinica studies and postoperative treatment is
considered. This state provides similar efficiency of co- and cross-backscattering for the media con-
taining randomly oriented anisotropic scatterers. Stable sensitivity of the cross-channel is of great im-
portance for ng the state of biotissue during treatment. Various optical fiber based methods have
been developed for flexible assessment of polarizing properties of internal and external organs [1-6].
However, fiber based methods do not control the polarization state(s) incident onto the sample (the
detailed review may be found in [7]). Therefore, these methods use at |east two different incident pola-
rization states for sample probing. Information on tissue polarizing properties is obtained from the data
contained in 2 consecutively or simultaneously registered A-scans.

The present work is devoted to constructing a common-path endoscopic OCT setup which will al-
low eliminating the effects induced by birefringence in a single-mode fiber. This will also solve the
problem of reproducibility of the optical properties of changeable flexible probes.

The developed optical setup of endoscopic common-path CP OCT-system is based on a single
probe wave in circular polarization state and consecutive registration of co- and cross- backscattered
waves. The main feature of the setup is the use of an automatic system that maintains circular polariza-
tion state at the end of an isotropic single-mode fiber based probe. The consecutive registration of co-
and cross- backscattered parts of the OCT signal provides a rather low level of crosstalk and a high
signal-to-noise ratio. In our paper “Active control of circular polarization of the probe wave in the
common path endoscopic OCT” presented in these proceedings we described a 2-element phase mod-
ulator for automatic preserving the circular polarization state at the distal end of the flexible probe.
The optical scheme of the cross-polarization common path endoscopic system with circularly pola-
rized probe waveis shownin fig. 1.
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Fig. 1. Optical scheme of the CP OCT with circularly polarized probe wave

The setup consists of an SLD light source, leading Fiseau and tuning Michelson interferometers, a
spectrometer registering the OCT signal and a number of optical elements for preserving the state of
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polarization of the probe wave. The polarization-control system includes 2 active phase modulating
anisotropic elements (1 and 2 in fig. 1). The linear (45°) polarization state at the entrance of the polari-
zation-control system is aligned by the Lefeuvre polarization controller PC,. The polarization state in
the tuning Michelson interferometer is adso linear and is aligned by the Lefeuvre polarization control-
ler PC,. For producing the error signal both elements of the polarization modulator are connected to
the same AC voltage with relative phase difference /2. The output signals from the synchronous de-
tectors are used to obtain the minimum of the 1-st harmonic in both quadrature channels at the photo-
receiver PD registering the light passing polarization controller PC; and polarizer P,. The response
time of the whole system preserving the polarization state is about tenths of a second, which is fast
enough for relatively dow deformations of the flexible probe during object scanning. Switching be-
tween the co- and cross-channels in consecutive B-scans is attained by controlling the magnetic field
in a45° Faraday rotator FR in the “reference” arm of the tuning Michel son interferometer.

The experimentally investigated setup demonstrates the same sensitivity for co- and cross- back-
scattering in the media containing randomly oriented anisotropic scatterers. The cross-talk was ob-
served at the level lessthan —20 dB level.
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The informativity of endoscopic cross-polarization optical coherence tomography (CP OCT) may
be increased significantly using the information from both, cross-polarized backscattered light and co-
polarized light [1]. The cross-polarization scattering is the main cause of formation of avisible signa
in orthogonal polarization at relatively weak birefringence in mucosa[2]. In contrast to the case of co-
scattering, the efficiency of cross-scattering is highly dependent on probe wave polarization [3]. In [3]
it was shown that, at scattering by randomly oriented non-spherical particles, depolarization is lessin
the case of linearly polarized probe light compared to circularly polarized probe light. In biological
tissues (and other media containing particles or inhomogeneities of comparable size) the difference in
the cross-backscattered signal for both mentioned cases is about 4 dB. A similar effect is observed at
Rayleigh scattering [4]. Thus, a random polarization of the probe light, the ambiguity of a cross-
backscattered signal is about 4 dB. This value is close to diagnostically significant variations of the
signal during CP OCT monitoring of the treatment of oncological and other diseases, which has a neg-
ative impact on quantitative assessment of the state of biotissue.

The only CP OCT setup free from this ambiguity is the one with circular polarization of the probe
wave that demonstrates equal sensitivity in co- and cross-channels. Given stable circular polarization
state at the ouput of along flexible probe during CP OCT scanning, one can obtain reliable quantita-
tive assessment of biotissue state.

An automatic system for maintaining circular polarization of the probe wave may be based on the
well-known quarter-wave plates. If linearly polarized light is incident on the plate at an angle of 45° to
its optical axes, then the light at the output will have circular polarization, and after backscattering it
will be linear again, but the polarization plane will be orthogonal to the initial one [5, 6]. The OCT
probe in the system with active polarization modulator at the input may be considered to be a quarter-
wave plate under certain conditions. The instability of probe phase anisotropy can be corrected by con-
trolling the birefringence generated by the polarization modulator. Fiber based 2-element phase polari-
zation controllers were reported in [7-9]. In [9] the light polarization was controlled by the angle be-
tween the phase plates with arbitrary birefringence. In [7, 8] the polarization state of the transmitted
light was controlled by the phase shift between the eigenwaves in the plates tilted by 45° relative to
each other. However, unlike 3-element devices, 2-element polarization controllers require definite po-
larization of incident light. So, the necessary condition to obtain circularly polarized light at the probe
output at arbitrary probe anisotropy isto maintain the linear polarization at an angle of 45° to the axes
of the 1-st element of the controller. The transformation of light polarization on the Poincare sphere at
direct (fig. 1, &) and reverse (fig. 1, b) passage through the probe is shown in fig. 1. Such a transforma-
tion is possible for any phase anisotropy of a single-mode fiber probe. In [10] it was demonstrated that
the system controlling polarization state at the probe output window can work in automatic regime.
For this, one should modul ate the birefringence of both elements by a harmonic signal with small am-
plitude and rel ative phase difference of n/2.

We have implemented such a system in a CP OCT setup. It maintains circular polarization at the
output of a long flexible fiber probe. This method was approved in a model experiment aimed at
studying a possibility of using it in a multifunctional OCT system.



Fig. 1. Transformation of light polarization by 2-element phase modulator at arbitrary fiber anisotropy:
a—from linear state oriented at 45° to the 1-st element to circularly polarized state (light is transmitted
from C; to C,), b —the reverse transformation (light is transmitted from C; to C,)
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Abstract. We performed a study combining cross-polarization optical coherence tomography (CP OCT) and
a nonlinear microscopy based on second harmonic generation (SHG) and two-photon-excited fluorescence
(2PEF) in order to assess condition of collagen fibers in the human ex vivo arterial blood vessels, including de-
velopment of atherosclerotic plagues. We found that CP OCT provides visualization of collagen structure and
coronary artery wall structure for different stages of atherosclerosis with high spatial resolution. The study shows
potential of CP OCT for the assessment of collagen fibers condition in atherosclerotic arteries and proves that it
can serve as afast and nondestructive tool to assess plaque stability and predict the risk of plague rupture.

Development of high spatial resolution imaging technol ogies opened new possihilities for studying
gpatia organization of cells and intercellular matrix in tissues in different pathologies [1].
Inflammation, typical for atherosclerosis, desorganises collagen fibers, which, in turn, affects
evolution of polarization of probing radiation propagating through the tissue and can be used to
characterize the atherosclerotic plagues [2]. In this study we demosntrate the possibilty of cross-
polarization optica coherence tomography (CP OCT) to assess collagen fiber conditions in
atherosclerotic plagues basing on the ratio of the CP OCT signal in the orthogonal and parallél
channels.

M aterialsand methods

We used a common path Fourier-domain cross-polarization OCT system [3], with scanning rate of
20 000 A-scans per second. It employs a broadband light source with central wavelength of 1300 nm
and optical power of 15 mW. The lateral and in-depth resolution are 25 um and ~10 um. The systemiis
capable of cross-polarization OCT imaging [4]. The CP OCT images were compared with the
data from non-linear microscopy using second harmonic generation (SHG) and two-photon-excited
fluorescence (2PEF), which can selectively visualize structural changes in collagen and elastin fibers.
Nonlinear microscopy signal detection was performed in two spectral channels using filters for
362—415 nm and 480-554 nm to register SHG and 2PEF respectively, which can be also shown to-
gether. We also used histopathology slides with Hematoxylin and Eosine, Van Gieson and Orcein
staining. We used 40 post mortem specimen of the coronary arteries from the patients deceased from
coronary diseases with arterial plaques at different stages of atherosclerosis. We studied a total of 60
regions of interest and found al stages of atherosclerotic plaque development, which were histologi-
cally confirmed.

Results

We found that the orthogonal component of the CP OCT image allows visualization of collagen fi-
bers and arterial wall structure with different stages of the atherosclerotic plague with good intrinsic
contrast and high spatial resolution. In parallel polarization the stable plaque visualizes without
pronounced contrast between lipid core and fibrose capsule. In orthogonal polarization the stable pla-
que appears as an inhomogeneous area allowing to distinguish the fibrose capsule and lipid core, so
the capsule condition and thickness can be assessed. This conclusion is confirmed by a good corres-
pondence between CP OCT images and histopathology slides. Comparison of CP OCT images with
nonlinear microscopy images was performed evaluate the possibility of in vivo visualization and as-
sessment of the arterial walls using CP OCT. A good correlation between the level of depolarization
manifested as brightness of the CP OCT orthogonal channel and ability to generate second harmonic
was found containing important information about stability of the thin fibrous capsule. In athin fibr-
ous capsule of a stable plaque the SHG reveals weekly disorganized (insignificant fibrinoid swelling
of the fibers in histology), but densely packed collagen fibers, providing bright homogeneous OCT
signal in orthogonal channel. The thin fibrous capsule of the unstable plague produces a weak inho-
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mogeneous signal in the SHG images (pronounced fibrinoid swelling with massive infiltration of giant
foam cells of the smooth muscle origin in histology) corresponding to inhomogeneous orthogona CP
OCT signal. The latter clearly indicates the plague vulnerability (propensity to rupture). Similar fea-
tures were revealed for other plague stages.

To conclude, the CP OCT imaging, is capable of visualizing condition of the collage fibers in the
tissue without exogenous agents and has high potentia as an effective tool to diagnose atherosclerotic
plague condition. We are planning to implement an automated image processing to objectively and
quantitatively assess the main structural components of the atherosclerotic plague development and
rupture risk.
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Abstract. Our research was focused on the efficiency study of the photodynamic therapy (PDT) by multi-
modal OCT. The study was carried out on mice colon carcinoma CT-26 transplanted in the auricle. PDT was
performed in three hours after intravenous injection of photoditazine. The tumors were irradiated by laser at the
wavelength of 662 nm, 75 Jcm?, 170 mwW/cm? The efficiency of PDT was evaluated by microangiographic OCT
(MA OCT) and confirmed by by histological analysis. It was demonstrated that multimodal OCT is promising
method of in vivo visualization and estimation of anti-tumor impact of the PDT based on vascular damages.

I ntroduction

Individualization of anticancer therapy is an important trend of the modern medicine. Control of
early response to the therapy is required to find some predictive factors to evaluate an efficiency of the
therapy [1]. Disruption of tumor blood flow has been reported to be the main reason of tumor cells
death after PDT [2]. The multimodal optical coherence tomography (OCT) is considered to be a prom-
ising approach for noninvasive monitoring of anticancer therapy [3].

The work was aimed to investigate the efficacy of the PDT by multimodal OCT.

Materialsand Methods

Animals and tumor models. The study was carried out on BALB/C female mice aged 6-8 weeks
bearing colon adenocarcinoma CT-26. Cancer cells were inoculated intradermally in auricle at the dose
of 200 000 cellsin 20 pl of PBS. When tumor size reached 3-3.5 mm?® animals were randomly divided
into two groups — treated by PDT (20 mice) and untreated control (3 mice).

Photodynamic therapy. Photosensitizer photoditazine (Veta-Grand, Russia) was applied intrave-
nously at the dose of 5 mg per kg of body weight. PDT was performed in 3 hours after the injection of
photoditazine in maximum of its accumulation in the tumor. The tumors were irradiated by the laser
(Kreolka, Russia) at the wavelength of 662 nm, energy density 75 Jcm?, power density 170 W/cn.
The tumors were excised in 2 days after PDT for histological examination.

The efficienty of PDT was evaluated in vivo by multimodal OCT. The OCT device was devel oped
at the Institute of Applied Physics (Nizhny Novgorod, Russia). The detailed technical specification of
the device is available in [4-6]. The OCT device allows simultaneous imaging in initial polarization
(co-polarized) and orthogonal polarization (cross-polarized) as well as visualizing the blood vessels
network by microangiographic OCT imaging (MA OCT) [7]. OCT images were taken before PDT,
immediately after PDT, 24 hours and 48 hours after PDT.

Results

The blood vessels network with abnormal shape and significant tortuosity was visuaized by MA
OCT on the 9 days after cancer cells inoculation. Immediately after PDT no changes in the vessels
network were observed. But in 24 hours and 48 hours vessels network partly disappeared on the
images. It was areaction of blood vessels or microcirculation on PDT treatment. Histologycal analysis
confirmed that the tumors had a good response on PDT. Pronounced blood vessels damagees,
including thrombosis and stasis fenomena were found. Among cellular component there were about
75% of irreversibly damaged cancer cells. On the other hand no visible tumor damage (burn, hyper-
emia) was observed during or after treatment.

Unfortunately, we did not detect any visible changes in the OCT signal intensity or penetration
depth on the initial and orthogonal polarization images after PDT. We suppose that quantitative analy-
sis of cross-polarization OCT (CP-OCT) images can help to reveal the differences between treated and
untreated tumors.
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Conclusions

It was demonstrated that multimodal OCT is a promising method of in vivo visualization and as-
sessment of anti-tumor impact of the PDT based on vascular damages. The MA OCT results are close-
ly accordance with the histological data.

Acknowledgements

The design and manufacturing of multi-functional OCT scanner used in this study was supported
by the grant no. 14.B25.31.0015 of the Russian Federation Government and the development of MA
agorithm by RFBR grant 15-42-02513.

References

1. SY. Yoo, J-S. Kim, K.W. Sung, T.Y. Jeon, J.Y. Choi, S.H. Moon, M.H. Son, SH. Lee, K.H. Yoo, and
H.H. Koo, Cancer, 2013, 656-664.

2. K. Chaundry, R.W. Keck, and S.H. Selma, Photochemistry and Photobiology, 1987, 46(5), 823-827.

3. B. Davoudi, M. Morrison, K. Bizheva, V.X.D. Yang, R. Dinniwell, W. Levin, and |.A. Vitkin, Journal of
Biomedical Optics, 2013, 18(7), 076008.

4, V.M. Gelikonov, G.V. Gelikonov, 1.V. Kasatkina, D.A. Terpelov, and PA. Shilyagin, Optics and Spec-
troscopy, 2009, 106(6), 895-900.

5. V.M. Gelikonov and G.V. Gelikonov, Laser Physics Letters, 2006, 3(9), 445-451.

6. V.Y. Zaitsev, V.M. Gdikonov, L.A. Matveev, G.V Gelikonov, A.L. Matveyev, PA. Shilyagin, and
I.A. Vitkin, Radiophysics and Quantum Eleectronics, 2014, 57, 52-66.

7. L.A. Matveev, V.Yu. Zaitsev, G.V. Gelikonov, A.L. Matveyev, A.A. Moiseev, S.Yu. Ksenofontov,

V.M. Gelikonov, M.A. Sirotkina, N.D. Gladkova, V. Demidov, and A. Vitkin, Optics Letters, 2015, 40(7),
1472-1475.

59



FLUORESCENCE MULTI-SCALE ENDOSCOPY AND ITSAPPLICATIONS
IN THE STUDY AND DIAGNOSIS OF GASTRO-INTESTINAL DISEASES:
THE SYSTEM ASSEMBLY

P.A. Gémez-Garcia'? |. Martin*?, A. Arranz’, M. Fresno®, M. Desco™?, U. Mahmood®,
J.J. Vaquero*?, and J. Ripol|*?

'Department of Bioengineering and Aerospace Engineering, Universidad Carlos |11 de Madrid
pablo.aero.upm@gmail.com
2Ex3peri mental Medicine and Surgery Unit, Instituto de Investigacion Sanitaria, Hospital Gregorio Marafion
Department of Cell Biology and Immunology, Center for Molecular Biology “ Severo Ochoa’, CSIC
“AthinoulaA. Martinos Center, Massachusetts General Hospital, Charlestown, MA 02129, U.S.A.

Abstract. New endoscopy technologies, which are able to show microscopic changes in the mucosa struc-
ture, are necessary in order to address the lack of specificity and cell details of current commercial endoscopes.
We present a multi-scale endoscope which combines confocal endomicroscopy for cellular level resolution and
wide field fluorescence for fast and specific macroscopic information through the use of activatable probes.
This multi-modal imaging module, compatible with commercial endoscopes, combines near-infrared fluores-
cence (NIRF) measurements (enabling specific imaging of markers of disease and prognosis) and confocal fluo-
rescence endomicroscopy for several contrast agents. The system will be used in animal models exhibiting ga-
stro-intestinal diseasesin order to analyze the use of potential diagnostic markersin colorectal cancer.

I ntroduction

Endoscopy is used in the diagnosis of gastrointestinal conditions such as inflammatory bowel disesse,
Crohn's disease, ulcerative colitis or colorectal cancer, and there are a great number of different endoscopy
systems with its corresponding applications [1-3]. It has great potential as atechnique for early detection of
aterations in the intestinal mucosa; however, such early lesions are not usually detected with conventional
endoscopes. Confocal endomicroscopy alows cdllular resolution imaging with contrast agentsto provide a
fluorescence signal for detection of tumors or structural aterations of the gastrointestina mucosa like ul-
cerative colitis [4] or colorectal cancer [5]. In addition, the use of fluorescent probes that emits fluorescence
in presence of a specific enzyme activity represents a powerful diagnostic tool. For that purpose, a new
generation of endoscopes that incorporates NIRF imaging capabilitiesis needed.

Materialsand methods

The multi-modal and multi-scale system is composed of two independent modules (Figure 1): a
dua camera and dual excitation system for macroscopic imaging and a scanning endomicroscope, that
work together in order to obtain both macroscopic and microscopic fluorescence images.

The wide field NIRF Module consist on a commercia endoscope (Hopkins 11 0° 1.9mm Telescope,
Karl Storz, Tuttlingen, Germany), which carries the image from the sample to the cameras. Two dich-
roic mirrors are used, one for combining the RGB and NIRF illumination and the other for splitting
both images into the cameras (Edmund Optics, Barrington, NJ, USA). The images are projected onto
the cameras through a lens (AC254-075, Thorlabs Inc, Delaware, USA) maximizing the coverage of
the CMOS sensor (Thorlabs, Newton, NJ, USA) so that one camera is capturing the visible field and
the other camera the fluorescence emitted by the contrast agent. The cameras (Manta G-145 Color and
Manta G-145 NIR, Allied Vision technologies, Stadtroda, Germany) are working at 30 fps video rate
so it is a real-time acquisition. The illumination consist on a broadband halogen lamp (OSL2, Thor-
labs, Newton, NJ, USA) properly coupled to the endoscope and alaser for the excitation of the fluoro-
phores. All the optical components were assembled and mounted on portable optical breadboards us-
ing conventional optomechanics (Thorlabs, Delaware, USA).

The Confocal module is based on the principles of confocal microscopy, but with the particularity
that now the main element is a fiber bundle (FIGH-30-850N, Fujikura, Koto, TKY, Japan). A laser
diode module (CPS520, Thorlabs Inc, Delaware, USA) is used to illuminate the sample, making use of
2D galvanometer mirrors (GVS012, Thorlabs Inc, Delaware, USA) to scan the fiber bundle (30.000
fibers), which carries the illumination to the sample and collects the fluorescence back to the photodi-
ode (APD130A2, Thorlabs Inc, Delaware, USA). After the mirrors, a scan lens (LSM02, Thorlabs Inc,
Delaware, USA), a relay lens (AC254-030, Thorlabs Inc, Delaware, USA) and an objective (Plan
Apochromat 10X, Motic, Weztlar, Germany) are used. This lens system will focus the laser on each
individual fiber so that the galvo scanning illuminates each fiber independently. A dichroic mirror and
an emission filter (Edmund optics, Newport, NJ, USA) are also used in order to receive only fluores-
cence light on the photodiode. The fluorescence light is focused onto a pinhole (P25S, Thorlabs Inc,
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Delaware, USA) which will block all the light that is not coming from the illuminated fiber, avoiding
fluorescence signal coming from other points of the tissue and increasing the system resolution. The
light exiting the pinhole is finaly collected by the avalanche photodiode. All the optical components
were assembled using a 30 mm cage assembly optomechanics (Thorlabs, Delaware, USA). The resolu-
tion of the system is limited by the core-to-core distance of the fiber bundle, which in thiscaseis 4.5 um,
while the field of view is limited to the bundle diameter (1 mm). The endoscope examination sheath
(STZ 61029D, Karl Storz, Tuttlingen, Germany) admits the Hopkins optic endoscope and aso has a
work channel of 1 mm & for the fiber bundle, so both macroscopic and microscopic images can be ac-
quired at the same time and the position of the fiber bundle can be monitored from the wide field image.
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Fig. 1. Scheme of the system assembly. A) Wide field RGB/NIRF module.
B) Confocal endomicroscopy module

Results

A 30fps video rate wide field image which combines RGB and NIRF is displayed by the software,
alowing the detection and mapping of the desired regions of tissue. Thisis afast and superficial exam
that will inform about possible lesions for the subsequent detailed examination with the microscopic
module for higher resolution -local imaging of the region of interest. For the microscopic module, sev-
era scanning methods have been studied in order to obtain a high-resolution image and a fast acquisi-
tion rate. It is worth mentioning that the acquisition rate is an extremely important parameter for in-
vivo cellular resolution imaging, due to displacement due to breathing and inherent cell matility.

Conclusion and per spectives

A multi-scale high-resolution endoscopy system and its software have been developed, and its
speed characterized in order to optimize the results for in-vivo imaging. Our system is currently capa-
ble of combining NIRF and RGB wide field images, together with high-resolution endomicroscopy
images. The next step is to apply this set-up to in-vivo imaging of animal models, in particular, gastro
intestina diseases in murine models at both macroscopic and microscopic scales.

Acknowledgements

The authors acknowledge support from EC FP7 IMI project PREDICT-TB, the EC FP7 CIG grant
HIGH-THROUGHPUT TOMO, the Spanish MINECO project grant FIS2013-41802-R MESO-
IMAGING, and TOPUS S2013/MI1T-3024 project from the regional government of Madrid.

References

1. B.A. Flusberg, E.D. Cocker, W. Piyawattanametha, J.C. Jung, E.L.M. Cheung, and M.J. Schnitzer, "Fi-
ber-optic fluorescence imaging,” Nature Publishing Group, 2005.

2. G.Ohaand E.C.S.H. Yun, "Optical fibers for high-resolution in vivo microendoscopic fluorescence im-
aging," Optical Fiber Technology, 2013, 19(6), Part B, 760—771.

3. M. Pierce and D.Y.R. Richards-Kortum, "High-resolution Fiber-optic Microendoscopy for in situ Cellu-
lar Imaging,” Journal of Visualized Experiments, 2011.

4. R.Kiesslich, M. Goetz, K. Lammersdorf, C. Schneider, J. Burg, M. Stolte, M. Vieth, B. Nafe, PR. Galle,
and M.F. Neurath, "Chromoscopy-guided endomicroscopy increases the diagnostic yield of intragpitheli-
al neoplasiain ulcerative colitis," Gastroenterology, 2007, 132, 874-882.

5. A.L. Polglase, W.J. McLaren, S.A. Skinner, R. Kiesdich, M.F. Neurath, and PM. Delaney,
"A fluorescence confocal endomicroscope for in vivo microscopy of the upper- and the lower-Gl tract,”
Gastrointest Endosc, 2005, 62, 686-695.

61



THE STUDY OF EXPERIMENTAL TUMORS GROWTH
USING THE MULTIMODAL OPTICAL COHERENCE TOMOGRAPHY

M. Karabut™? M. Sirotkina®, N. Buyanova®, T. Kalganova®, V. Elagin®,
S. Kuznetsov!, L. Snopova', G. Gelikonov™, L. Matveev*?, V. Zaitsev'??,
F. Feldchtein®, E. Zagayanova®, A. Vitkin'*, and N. Gladkova®

! Nizhny Novgorod State Medical Academy, Nizhny Novgorod, Russia, maria.karabut@gmail.com
% obachevsky State University of Nizhni Novgorod, Nizhny Novgorod, Russia
3 |nstitute of Applied Physics of the Russian Academy of Sciences
“University of Toronto, Toronto, Canada

Abstract. We report a feasibility study for the multi-modal optical coherence tomography for visualization
of a CT-26 tumor growth into the surface of the mice auricle. The structural and microvascular peculiarities of
CT-26 tumor growth were visualized using polarization and microvascular OCT images and confirmed by mor-
phological study.

The main trend in modern experimental and clinical oncology is towards the individualization of a
treatment. Optical coherence tomography (OCT) is a developing and promising method which can
detect the dynamics of the structural and functional changes in tumor tissues in response to therapy
[1]. The value of multimodal OCT requires the ability to detect changes of the tumor in response to
treatment: of the cellular component (the tumor cells), of the tumor stromata (the connective tissue and
extracellular matrix) and of the microvasculature [2]. For the feasibility assessment of the multimodal
OCT, the experimental research on animal tumor modelsis a necessary step.

Materials and methods

The study was carried out on BALB/C mice with murine colon carcinoma CT-26 inoculated into
auricle tissue (2:10° cells in 0.2 ml of phosphate-buffered saline). An important advantage of this in-
oculation is the assured superficial growth of the nodule that is the main requirement for studies using
OCT. Mice were followed up to 22 days. The research was performed on an experimental spectrome-
ter-based OCT device developed by Institute of Applied Physics (Nizhny Novgorod, Russia) with the
central optical wavelength A = 1.32 um and optical power ~15 mW. The axial and lateral resolutions
are 10 and 20 um. The probe has 4 mm external diameter, 10 cm length of rigid section. The system
has a common-path optica layout and creates two OCT images simultaneously: one for scattered light
that maintained initia polarization (“co-polarized”), and one that now exhibits orthogonal polarization
(“cross-polarized”) [3-5]. The software allows representing 3D rendering of OCT images and also has
original means to visualize microvascular networks. The vascular network of CT-26 tumor was visua-
lized in vivo by means of M-mode-like OCT [6]. At different time points the tumors were excised, and
fixed in formalin for subsequent histological analysis.

Results

The CP OCT images of intact mice auricle was demonstrated a clear layered architecture. The
cross-polarized OCT images had reduced brightness and contrast in comparison with co-polarized im-
ages. Histological image matched well the ear tissue layers visualized in OCT: epidermis, dermis with
the skin appendages in its surface layers, muscle, cartilage thickness 27 um. On the opposite side of
cartilage, connective tissue coated epidermis and without adipose tissue was abutted on. The vesselsin
the dermis were located on the either side of the cartilage and had a diameter about 24-36 um.

With the early stages of nodule formation (4-5" days after inoculation, volume 0.8-1 mm®)
the depth of CP OCT visualization made it possible to observe the whole tumor nodule both in the
initial and orthogonal polarizations. Moreover, the OCT images clearly displayed the tissue layersin-
cluding the epidermis, the cartilage with the perichondrium, the own vessels of the dermis (diameter
24-100 pm) confirmed by morphological study. It should be noted that the epidermis damaged in the
late stages of tumor growth (19-22" day). So the tumor development is characterized by loss of a
layered structure and fast OCT signa depth decay, especially in orthogonal polarization.

It is known, that tumor blood vessels have some features in comparison with normal vessels. In
particular, the tumor vessels which number and volume density is significantly increased with tumor
growth have an abnormal shape with significant tortuosity, random architecture and irregular lumen.
On the 4™ day after inoculation sinusoids diameter up to 20 um were identified in the tumor. Micro-
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vascular images on the 14™ after inoculation was shown a sharp increase in the number of curved
segments, which form a network.

Histological analysisrevealed the structural and microvascular changes in the tumor growth. So the
peak of mitotic activity of tumor cells and maximum of the vascular bed formation in the form of sinu-
soids diameter of 720 um occurred on the 11" day after inoculation. The first appearance of sponta-
neous tumor regression observed on the 7" day. They were visualized as the formation of necrotic fo-
cus that primarily located in the deep parts of the tumor. The maximum degree of necrosis was
achieved on day 21-22" days. Therefore, it was demonstrated that multimodal OCT can visualize in
vivo the stages of tumor growth of CT-26 inoculated into auricle tissue. In the future, we are planning
to apply automatically quantitative assessment of tumor microvasculature for more objective characte-
rization of the tumor vessels growth.

Acknowledgements

The study was supported by the Russian Federation Government contract Ne14.B25.31.0015. The
research to improve M-mode-like OCT method was partially supported by RFBR Ne15-42-02513 u the
Russian Federation Government contract Ne02.B49.21.0003.

References

1. B. Davoudi, M. Morrison, K. Bizheva, et al., Journal of Biomedical Optics, 2013, 18(7), 076008.

2. M.A. Sirotkina, N.L. Buyanova, T.I. Kalganova, et al., Sovrem Tekhnol Med, 2015, 7(2), in press.

3. PA. Shilyagin, G.V. Gelikonov, V.M. Gelikonov, et a., Quantum Electronics, 2014, 44(7), 664 — 669.

4. A.A.Moiseev, G.V. Gelikonov, D.A. Terpelov, et a., Quantum Electronics, 2014, 44(8), 732 — 739.

5. V.Y. Zaitsev, V. M. Gelikonov, L.A. Matveev, et al., Radiophysics and Quantum Electronics, 2014, 57,
52-66.

6. L.A.Matveey, V.Yu. Zaitsev, G.V. Gelikonov, et al., Optics Letters, 2015, 40(7), 1472 — 1475.

63



FLUORESCENCE LIFETIME IMAGING FOR FLUOROPHORES
LOCATED IN SCATTERING AND ABSORBING MEDIUM

A.V. Khilov, I .I. Fiks, M.Yu. Kirillin, V.I. Plekhanov, and | .V. Turchin

Institute of Applied Physics, Russian Academy of Science, Nizhny Novgorod, Russia
alhil @inbox.ru

Abstract. For the correct identification of fluorophores in fluorescence lifetime imaging in vivo it is impor-
tant to account for the distortion of fluorescence kinetics curve due to light scattering and absorption in a turbid
medium. This distortion leads to changes in the shape of fluorescent response and to the difference between real
and measured lifetimes of a fluorescent agent as well. In this paper we present study of the mentioned effect for
media with different optical properties and lifetimes corresponding to those of real fluorophores using the
Monte-Carlo simulation. We found that for the fluorophore depths up to 12 mm for reduced scattering coefficient
varying from 0.15 to 4.8 mm™ and absorption coefficient varying from 0.0025 to 0.08 mm™ this difference is
insignificant for long-lived fluorophores (typical fluorescent proteins), however, it should be taken into account
for fluorophores with lifetimes of several hundred picoseconds.The results of numerical simulation are con-
firmed by the results of model experiment.

Fluorescence lifetime imaging is extremely important for a number of biological applications and
allows differentiating fluorophores with similar spectral characteristics (excitation and emission spec-
tra) which can be used, for example, for FRET microscopy [1]. In microscopy studies there is no need
to account for widening of the fluorescence kinetics curve due to light scattering and absorption in
tissues [2] originating from spreading of the excitation pulse and fluorescent response of the sample
because its thickness usually does not exceed photon mean free path. However, this phenomenon is
essential for in vivo studies. The above mentioned distortion leads to the difference between real and
calculated lifetimes.

Light propagation in turbid medium is described by the radiative transfer equation (RTE). We as-
sume that a dotted fluorophore is located on the axis of the excitation laser beam. The excitation pulse
at the depth z at time moment t can be described by the following equation:

Gex (2,6) = [§ pex (2 = 0,6) Plz,t —t', A, )dt’ (1)

where ¢, (z = 0,t) is the initial excitation pulse and ¢(z,t, A,,) is Green’s function of the medium
corresponding to the excitation wavelength 4,,. Similarly, fluorescent response at the fluorophore's
depth is represented by the convolution of the excitation pulse and the exponential fluorescent re-

sponse in free space, which is a single exponent function exp (— Ti)
0

¢em (Z: t) = fot ¢ex (Z: t’) exp (_ t;_ot,) dt, (2)

The detected fluorescence is the convolution of fluorescent response and Green's function at the
emission wavelength 4,,,, :

b (2= 0,0) = [} o (z,t) Pzt — ', Aoyt &)

This fluorescent response is approximated by an exponential decay function with time decay factor

To'
t

Pem (z=0,t) x e 4)

The difference between the calculated (z,,,) and the initia (z,) lifetimes will depend on optical pa-
rameters u,, u, of turbid medium, fluorophore embedding depth z, and real lifetime 7.

The result of approximation of the fluorescence kinetics obtained from a turbid medium will de-
pend on the approximation interval chosen for calculation (Fig. 1a). The choice is determined by two
factors. On the one hand, the fluorescent signal should exceed the noise level to ensure proper approx-
imation by the exponential decay function; on the other hand, the beginning of the approximation in-
terval should be far enough from the signal maximum to reduce its influence on the calculations. This
optimal value depends on tissue properties, on fluorophore embedding depth and real lifetime, and on
signal-to-noise ratio of the detecting system (Fig. 1b). Figure 1b was plotted for p, = 0.01 mm™1,
us’ = 0.6mm~1, 7, = 2200 ps and fluorophore embedding depth z= 5 mm.
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Fig. 1. (A) Approximation interval chosen for kinetics approximation with exponential decay.
(B) The influence of noise component and kinetics shape on the choice of approximation interval

We performed a number of numerical simulations using the Monte-Carlo technique. The calculated
lifetime versus fluorophore embedding depth is plotted in Fig. 2. The beginning of the approximation
interval was chosen at 1000 ps from the kinetics maximum.
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Fig. 2. Caculated lifetime versus fluorophore embedding depth for: (A) T, = 2200 ps,
1, = 0.6 mm~! and different absorption; (B)t, = 2200 ps, u, = 0.01 mm~" and different reduced scattering

For verification of the results of our studies [3] we performed a model experiment. The scheme is
shown in Fig. 3a. The model turbid medium in the 55x22x38 mm glass cuvette had the following opt-
ical parameters: u, = 0.005 mm™, u, = 0.6 mm~!. The fluorescent agent (mKate fluorescent pro-
tein with lifetime of 2200 ps) was placed in athin transparent glass ball with a diameter of 5 mm. The
fluorophore embedding depth varied from 2 to 12 mm. The calculated lifetime vs fluorophore embed-
ding depth obtained from numerical simulations and model experiment are plotted in Fig. 3b.

B

A 3 2270 * Model experiment
Monte-Carlo simulations

g
S £ ,

* Pz Saw o+

[
L L I L

2 219']2 4 6 8

Depth of fluorophore [mm)

10 12

Fig. 3. (A) Scheme of numerical and model experiments. 1 — excitation pulse, 2 — turbid medium, 3 — photode-
tector, 4 — fluorescent agent, 5 — optical filter and lenses. (B) Calculated lifetime versus fluorophore embedding
depth obtained from model experiment (dashed blue line) and in Monte-Carlo simulation (dashed green line)
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Abstract. Optical coherence tomography (OCT) can be employed for diagnostics of tissues of different lo-
calization. However, subjective evaluation of diagnostic OCT images may produce mistakes in diagnosing.
Quantification of OCT images can provide a correct image interpretation and, thus, increase the diagnostic accu-
racy of the technique. In this paper we describe approaches to quantification of the diagnostic images of tissues
of different localization, including skin, mucous tissues, and arterial walls obtained with both conventional and
cross-polarization OCT modalities. The approaches are based on statistical and textural analysis of the images
and analysis of probing radiation polarization state.

Optical coherence tomography (OCT) is currently becomes actively employed in diagnostics of tis-
sues of different localization. However, interpretation of diagnostic OCT images often requires under-
standing the physical principles of OCT image formation which are usually unfamiliar to a physician.
In such a situation quantification of OCT images appears a solution that can provide a correct image
interpretation and, thus, increase the diagnostic accuracy of the technique. The most common ap-
proach to quantification of OCT images consist in approximation of OCT signal decay in logarithmic
scale with linear function and measuring signal slope characterizing extinction coefficient of the tissue
[1, 2]. However, this approach is appropriate for primarily homogeneous tissues, as presence of sever-
a layers or inclusions requires image segmentation which may appear a complex task, and only few
papers employ this approach [3]. Alternative approach employs statistical analysis of OCT image
speckle structure for local characterization of the tissue [4]. It consists in building a histogram of the
entire OCT image or its fragment and its further fitting by multiparametric analytical function. Anoth-
er approach to textura analysis includes processing of 2D Fourier transform of an OCT image which
allows to characterize elongates structures in the image.

Employment of cross-polarization OCT (CP OCT) modality provides additional diagnostic data
from characterization of evolution of probing radiation polarization state during its transport within
studied tissue [5]. CP OCT is extremely sensitive to presence and state of collagen within tissues exhi-
biting strong birefrigent properties [6]. Traditional approach to quantitative analysis of polarization-
sensitive OCT modality includes assessment of phase retardation map [7]. A closer approach based on
calculation of an integral parameter, the integral depolarization factor (IDF) was proposed in our re-
cent paper [6].

In present paper we report on application of OCT image quantification or enhancement of OCT di-
agnostic accuracy in gynecology, dermatology, and cardiology.

The considered gynecologic application of OCT included inspection of fallopian tubes in the
course of laparoscopy procedure aiming for revealing the pathology causing infertility. Collected di-
agnostic data from 57 patients confirmed by subsequent histologic examination was separated into
four groups. norm, edema, fibrosis, and transient state combining element of edema and fibrosis. In
OCT images fibrosis is manifested by areas with increased OCT signa level while edema is mani-
fested by large darker areas associated with presence of extracellular liquid. In this respect, analysis of
image intensity distribution and search for pronounced structural boundaries should provide quantita-
tive characterization of the images.

A histogram analysis was chosen for quantification of the diagnostic data. Different techniques of
histogram analysis were compared. Noise equalization procedure was applied to the OCT images be-
fore building a histogram. Our previous studies employed trivial quantification of an image histogram
consisting in calculation of linear combination of histogram counts for preliminary chosen intensity
values [8]. Our new approach consisted in employment of neural network for classification of the his-

67



tograms of diagnostic OCT images. This approach allowed to separate fibrosis group with diagnostic
accuracy exceeding 93% (exact value depend on neural network learning parameter).

In dermatology we applied quantification of OCT images for monitoring the state of human skinin
course of treatment procedures. We employed similar approach with histogram analysis, however, in
this application the histogram was fitted by an analytical function represented by a sum of two Gaus-
sian functions. Noise contribution also represented by a Gaussian function has been subtracted from
the total image histogram before anaysis. We demonstrated that such parameters of the analytica
function as width, maximum position and maximum value are sensitive to state of skin in course of
treatment (medical treatment, mechanical compression and temperature action were consi dered).

A number of diagnostics tasks require evaluation of collagen state within biotissue. For example, in di-
agnostics of bladder cancer or evaluation of vulnerability of an atherosclerotic plagues knowledge of colla-
gen state may significantly increase the accuracy of diagnosis. Collagen is known to revea pronounced
birefrigent properties depending on collagen type and organization. In this connection, CP OCT appears to
be an efficient tool for non-invasive evaluation of collagen state. Ordered packed collagen fibers form bire-
frigent clusters systematically changing initial polarization of probing radiation. On the contrary, disordered
or destroyed collagen fibers induced by various pathologies provide random changes of the polarization.
This evolution of polarization can be traced by CP-OCT. For quantification of CP-OCT images we employ
analysis of phase retardation map [7] and integral depolarization factor [5, 6]. Application of these ap-
proaches allowed to increase the accuracy of diagnostics of such hardly distinguishable, but clinically im-
portant cases as bladder cancer recurrence in post-operative scar and unstable atherosclerotic plague.
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Abstract. In the paper we discuss porting Monte Carlo (MC) technique for simulation of light transport in
tissues to Intel Xeon Phi coprocessor. We show that employing the accelerator allows to significantly reduce
computational time of MC simulation and obtain simulation speed-up comparable to GPU. Performance of the
developed code for ssimulation of NIRS brain sensing and determination of the measurement volume is demon-
strated.

Monte Carlo (MC) simulations are currently treated as a gold standard tool in biomedical optics
applications since presentation of classical MCML code developed by Wang et a [1]. The numerica
simulations can be employed in cases where application of various theoretical approaches is limited.
However, this technique has a significant drawback — large computational requirements. Various ef-
forts have been made to reduce simulation time, such as algorithm optimization and use of different
hardware accelerators [2—6].

In this paper we present implementation of MC simulation code with Intel Many Integrated Core
(MIC) architecture. Previously the code was tested with CPU and cluster systems [7]. The code allows
simulating light propagation in media with complex geometry of layers whose boundaries are deter-
mined by triangulated surfaces. Intersection search agorithm employs bounding volume hierarchy
(BVH) tree as accelerating structure.

Intel Many Integrated Core Architecture (or Intel MIC) is a multiprocessor computer architecture
combining many Intel x86 CPU cores onto asingle chip. Like a GPU, Intel Xeon Phi can be employed
as a hardware accelerator for high-performance computations. The key advantage of this architecture
isthat accepts standard existing programming tools and methods, like OpenMP and MPI.

However, only the programs with high degree of parallelism and vectorization abilities can be effi-
ciently accelerated with Intel Xeon Phi coprocessor, similar to GPU. MC simulation fits these re-
quirements only partially: it features strong parallelism, however, the MC code is difficult to vectorize
because of its stochastic nature.

In order to port a code to Intel MIC one needs to only recompile the source OpenMP/MPI based
program using Intel Compiler for Xeon Phi. However, to obtain efficient performance of the code op-
timization is required. Since MC method is initially paralel, the main optimization aim is to reduce
memory latency. We propose three following optimization steps. The first step consists in changing
data structure for storing photon trajectories from a three-dimensional grid array to an array of grid
coordinates for each thread. The second one is elimination of arrays copies which were previously
used to avoid synchronization. These steps allow to reduce requirements to the memory size, and as a
result, to improve performance, in spite of additional synchronization. The third step is directed to re-
duce memory access time in intersection search. BV H tree structure is updated to store vertex data as a
single continuous memory region to more effectively employ hardware cache.

6000 4 —s—Intel Xeon X5680 (6 threads)

5000 2 xIntel Xeon ¥X5680 (12 threads)
4 4000
2 =l—|ntel Xeon Phi SE10X (240 threads)
4 3000 -
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Fig. 1. Execution time of the MC simulation code at different hardware
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As a result, we are obtained MIC program that is near 2 times faster than the program, which is ex-
ecuted on a 6-core Intel Xeon CPU (Fig. 1).

To demonstrate the code applicability for simulation of light transport in tissues we simulated per-
formance of NIRS brain sensing [5, 7] that is one of the most computational-cost applications of MC
technique in biomedical optics. In simulations we employed human head model consisting of 6 layers:
scalp, fat, skull, cerebrospinal fluid (CSF), white matter and grey matter. The boundaries of these lay-
ers are adopted from real head geometry obtained from MRI data while optical properties of the layers
are averaged from values available in literature.

Fig. 2. Two-dimensiona photon trajectory maps for source-detector separations
of 20 (top), 30 (middle), and 40 (bottom) mm for 830 (a) and 915 (b) nm

We built two-dimensional cross-sections of the photons trajectory map in the plane based on radia-
tion incidence vector and source-detector vector for different source-detector separations and probing
wavelengths (Fig. 2). Cross-sections of layers boundaries shown in the same figure allow evaluating
the penetration depth of probing radiation thus determining the measurement volume of the simulated
NIRS system. This figure shows that probing radiation reaches grey matter layer thus proving abilities
of simulated NIRS system to monitor brain activity. On the other hand, one can see that for smaller
source-detector separations the major number of trajectories does not reach grey matter thusincreasing
this distance leads to in-depth shift of measurement volume.

Thus, we demonstrated the abilities of the developed code in simulation of NIRS brain sensing for
complex geometry based on diagnostic MRI data.
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Abstract. The photodynamic therapy is one of the most promising methods for the treatment of oncological,
inflammatory and degenerative diseases of the skin. The treatment efficacy is determined by proper assessment
of drug concentration in the tissue lesion and sensitizer photobleaching during irradiation. We have developed a
compact and low cost device for monitoring the photodynamic procedure. The created system based on a single
CCD cameraand two LEDs and is compatible with any therapeutic laser. In this paper we present the test results
of the developed device in model experiments and clinical trials.

I ntroduction

Photodynamic therapy (PDT) is one of the rapidly devel oping methods of modern medicine, which
is based on the interaction of light with a photosensitizer in the tissue [1-5]. The photosensitizer isin-
jected into a patient prior to the PDT procedure and selectively accumulates in tumor or other target
tissues, depending on the chemical nature of the drug and the tumor tissue [1].The irradiation of the
affected area with alow intensity light in the absorption band of the sensitizer causes fluorescence of
the accumulated drug and allows performing the fluorescence diagnosis of the patient's tissue [1, 2].
Irradiation of the tissue lesion with a high intensity light in the absorption band of the photosensitizer
leads to death (necrosis and apoptosis) of the cancer cells due to highly toxic photochemical reactions
[3]. Several weeks after the PDT, the tumor is destroyed and the affected tissues are partialy or fully
restored. The benefits of the PDT include: low pain level, good cosmetic results, wide range permit
doses of a photosensitizer and light exposure, the possibility of multiple repetition of the procedure, as
well as a combination with other treatments [3, 4]. The main drawbacks of PDT are empirica selec-
tion of light exposure and small depth of light penetration due to strong light attenuation in tissues.
Moreover, the results of treatment depend on tumor oxygenation and blood flow [4]. However, objec-
tive information about sensitizer photobleaching during irradiation allows proving, optimizing and
personalizing the therapeutic effect and permits eliminating some drawbacks of the procedure [5]. In
this paper, we present a compact and low cost device for monitoring the PDT procedure and the test
results of the devel oped device in model experiments and clinical trials.

M aterialsand methods

Fig. 1. Schematic diagram and photo of the system for monitoring photodynamic therapy

Figure 1 shows a schematic diagram and a photo of the created system for monitoring photodynam-
ic procedure. This device is based on two LEDs emitting at different wavelengths, a CCD camera with
emission filter (700-800 nm), and an objective lens. The light source in the excitation band (660 nm)
of the photosensitizer produces fluorescent images and the light source in the emission band (740 nm)
of the photosensitizer is intended for imaging in backscattered light. The LEDs are switched on se-
quentialy, and each CCD frame is synchronized with the emission of the corresponding LED and
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combined with subtracting of the dark field images to eliminate the influence of external light. This
approach enables determining automatically the boundaries of the affected area and its location on the
patient's body. In the case of low contrast, one can manually select the boundaries of the affected area
in the obtained image. Moreover, the device tracks the position of the selected fluorescing area, which
isessential for clinical trials due to patient involuntary movement.

For monitoring the sensitizer photobleaching during PDT procedure, the therapeutic laser must be
switched off periodicaly. The created device tracks the disappearance of the strong laser signal from
the CCD frames or the trigger pulse from the laser source and cal cul ates the average fluorescent inten-
sity in the area of interest.

The created device was successfully tested in model experiments on irradiation of cuvettes with
various concentrations of «Photoditazin» drug in «Intralipid» solution. After that, the created system
was tested on patients in clinic. All clinical trials have been approved by the IRB of the Regiona On-
cological Hospital.

Results and discussion
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Fig. 2. (A) Image of tumor (recurrent multifocal basal carcinoma of the right parotid region, affected area
25 mm) obtained in backscattered light. (B), (C) (D) and (E) Fluorescent images of tumor obtained be-
fore, during and after PDT. (F) Diagram of sensitizer («Photoditazin» 1 mg/kg) photobleaching

Conducted experiments have shown that, the device provide sensitivity from 0.3 to 30 mg/kg of
«Photoditazin» concentration for the 0.2 sec exposure of CCD camera. The results obtained in the ex-
periments also clearly showed the efficacy of the developed system for monitoring sensitizer photob-
leaching during PDT. For example, figure 2 shows monitoring of «Photoditazin» (1 mg/kg) photob-
leaching during PDT of a female patient (65 years old, recurrent multifocal basal carcinoma of the
right parotid region, affected area 25 mm). The device enabled localizing the tumor on the patient's
body, estimating photosensitizer accumulation in the tumor and surrounding normal tissues and per-
mitted monitoring the sensitizer photobleaching during laser irradiation. Therefore, the proposed sys-
tem for monitoring the photodynamic therapy procedure is a promising tool for clinical application.
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Abstract. Weightlessness over several months impairs the astronaut’s health including skin modifications,
bone loss (1% month-1), body fluidics shifts and eyesight damage. Skin impairments are one of the most
frequent health problems. The ongoing European Space Agency Project Skin B hopes to answer the question how
astronauts' skin regeneration is affected. For that purpose, high resolution MPT is employed to evaluate skin
effects on asubcellular level in | SS astronauts.

A loss of dasticity, thinner skin and impaired healing effects have been reported based on a pilot
study with the German astronaut Thomas Reiter in 2006 (1). Lack of gravity, reduced skin-material
friction, and exposure to extraterrestrial radiation and to bioparticles from epidermal skin (terrestria
epidermis turnover: 1 month) may have an impact.

Pre-flight and post-flight label-free multiphoton skin biopsies were taken on the lower left arms. In
particular, NAD(P)H in its free and bound form, keratin, melanin and elastin aswell as the collagen
network was detected via two-photon autofluorescence excitation and SHG with 80 MHz femtosecond
laser pulses at 780 nm using the mobile certified clinica multiphoton tomograph MPTflex with its
optomechanical arm and the miniaturized 360° scan/detector head (2). The skin ageing index SAAID
was determined based on the ratio of elastin to collagen at different depth in the upper dermis. Infor-
mation on cell metabolism was obtained by fluorescence lifetime imaging (FLIM). The thickness of
the stratum corneum and the viable epidermis as well as the architecture of the epidermal-dermal
junction was determined by horizontal optical sectioning with 300 nm resolution in steps of 5 um into
a depth of 190 um. One optical section (512x512 pixels @ 200x200 um2) took 6.4 s. The preliminary
results on Italian and German astronauts show a clear thinning of the living epidermis of about 15%
after 6 months space flight. The SAAID values were significantly influenced. Currently, skin recovery
effects are studied with MPT at the European Astronaut Center in Cologne (3).
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Abstract. We performed comparative analysis of the accuracy of different techniques for determining opti-
cal properties of turbid media basing on spectrophotometric measurement data. We compared 2-flux (Kubelka-
Munk) and 3-flux models and an analytical model based on the |east-scattering approximation of radiative trans-
fer equation.

Light propagation in turbid media such as biological tissue is an important issue in many medical
applications. Knowledge of precise values of tissue optica properties can significantly improve the
quality of biomedical studies. The optical properties, i.e., the absorption coefficient [, the scattering
coefficient s, and the anisotropy factor g, are often determined from measurement of the total diffuse
reflectance R, the diffuse transmittance T and collimated transmittance C of a thin sample with an in-
tegrating sphere setup. Some methods allow determining the optical properties (1., Hs and g) of the
tissue studied using analytical expressions [1]. However, the analytical solutions for R(Ua, Hs, 9), T(Ha
Hs, 9) and C(Ha, s, g) have significant limitations; thus the majority of contemporary approaches are
based on numerical methods, which provide higher accuracy, e.g., the inverse adding—doubling (IAD)
method [2] or methods involving Monte Carlo simulations [3]. In these methods the optical properties
values are determined by iterative numerical calculations procedure. This may prove to be to slow in
some cases, e.g., applications involving real-time multiwavelength analysis. Availability of informa-
tion on the accuracy of methods for determining optical properties of the medium allows to choose a
more appropriate method for a specific task. The aim of this paper is to perform comparative analysis
of several analytical methods for optical properties determination.

The Kubeka-Munk theory describes the propagation of a uniform, diffuse irradiance through a
one-dimensional isotropic slab with no reflection at the boundaries. The simplicity of this model has
made it a popular method for calculating the optical properties of tissue. The 2- and 3- flux models are
based on expressions performed in [4]. The 2-flux model allows to determine p,, s as:

S . 4
f = + — .
2 ,Lls lua 3 S<M

The 3-flux model allowsto determine U, Us, and g as.
S<M ’ ,us=1|nC— KKM g=1— KKM +83KM )

2 d 2 6
Both models are not applicable in the case of strongly absorbing and highly scattering medium when
3,usl< M-

Another considered method is based on |east-scattering approximation of radiative transfer equa-
tion [1] and uses following formulas:

1, ( T 1{ (TJFRH R+CT" 4n
:—I F y“ = In ) =1— yT =5
M=y n(R+T] ° d c )]re=t F{T'”[ C D F T (n+1)?

where Tr is the Fresnel transmission coefficient for normal incidence of radiation on the boundary of

the medium. Applicability of the mode! islimited by the condition [#s(1— @) + #,Jd <1,

The accuracy of these methods was determined as follows. At the first step we calculated C, R and
T using Monte Carlo technique. These calculations were performed for three and single layer media.
The 3-layer sample geometry was a semi-infinite slab with thickness d = 0.5 cm placed between semi-
infinite glass dides with thickness 0.1 cm and refractive index ngige = 1.55 corresponding to standard
quartz cuvette. The single layer geometry did not account for cuvette walls. In each simulation 1-10°
photons were traced. The values of [, and s were incremented in steps of 0.1 and 1 cm™, respectively,
within the typical biological ranges: 0.1 cm™ < g < 5 cm™ ,1 cm™ < pg < 100 ecm™, g = 0.7 and
n = 1.33. Further, from the calculated values of C, Rand T we determined [, Hs, s and g using the
abovementioned methods. At the next step we calculated the relative error of the obtained values. The

Ha =

Ha =
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results for 3-layer media are shown in Fig 1. Since the expression for the applicability range for the
models depends on the thickness of the sample, the error estimates are given for dimensionless para-
meters ,d and psd. From obtained data we can conclude, that relative error of determination of i, for
all studied models increases with increasing p.d and pd. The large relative error in determination of
U, for pad < 1.5 is governed by the cuvette walls account. All models have a significant error in the
determination of s for pd > 20. The method based on |east-scattering approximation and the 3-flux
Kubelka-Munk model are well suited for the determination of psfor pgd < 20. It is worth mentioning
that for large values of u.d and pgd the collimated transmittance C is extremely low which brings a
significant error in determination of optical properties values.

50.000 g & 1 1

ptad tad

Fig. 1. Relative error of determination |, (& b, ¢), Us' (d, e f) and Us (g, h) using method based on least-
scattering approximation of radiative transfer equation (left column), 3-flux Kubelka-Munk model (cen-
tral column) and 2-flux Kubelka-Munk model (right column). The charts are shown for dimensionless pa-
rameters y,d and pd
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Abstract. Here we evaluate the capability of a novel combined focused ultrasound/air-puff and phase-
sensitive optical coherence elastography (OCE) system to assess biomechanical properties of ocular tissues (such
as corneaand the lens) in situ and in vivo in 3D.

Optical eastography uses light to characterize cells and tissues based on their elastic and viscoel as-
tic mechanica properties. In utilizing the high-resolution and high-contrast capability of optics, this
rapidly emerging field builds on and complements the related USE and MRE techniques. Most recent-
ly, OCE has emerged as noninvasive biomechanical imaging technique that, beyond the structural 3D
image, can provide additional quditative and quantitative information about tissue elastic properties at
the micro-scale level. Recently, we developed a new method for assessing tissue biomechanical prop-
erties by phase-sensitive analysis of the tissue surface response to a mechanica stimulation. In this
method, an external stimulus (such as acoustic radiation force, focused air-puff, or a laser pulse) is
used to remotely induce the deformation on tissue surface and a phase-sensitive optical coherence to-
mography (PhS-OCT) system, co-focused with the stimulus, utilized to monitor the localized tempora
and spatial response of the deformations on the tissue surface with nanometer sensitivity. The domi-
nant frequency from the amplitude spectra of the surface response and speed of the elastic wave prop-
agation could be obtained and used as the indicator of the elasticity distribution in 3D.

Low-amplitude elastic deformations in soft tissues were measured by the OCE system consisting of
a spectral-domain optical coherence tomography (OCT) combined with focused ultrasound or air-puff
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. Gold standard uniaxial compressional tests were used to validate the OCE data.

The OCE measurements in rabbit lens showed that the amplitude and the relaxation rate of the dis-
placements (and, thus, Young's modulus and shear viscosity) of the young lenses were significantly
larger than those of the mature lenses, indicating a gradual increase of the lens stiffness with age
(2.5 kPa and 7.4 kPa, respectively). 3D visualization of the elastic wave propagating in rabbit corneas
shows the obvious velocity difference in normal (0.79 + 0.050 m/s) and CLX (2.00 £ 0.23 m/s) cor-
neas. Then, the frequency analysis allowed depth-resolved analysis of cornea biomechanical properties
clearly demonstrating the biomechanical differences of the corneal layers. Finally, the stress-strain
measurements using uniaxial mechanical tests confirmed the results obtained by the OCE system.
OCE measurements were also performed on cardiac muscle and kidney to assess progression of vari-
ous diseases such as myocardium infarction and nephritis.

The results demonstrate that the OCE system can be used for noninvasive analysis and quantifica-
tion of tissue biomechanical properties in 3D and as a function of age or therapy (e.g. CLX proce-
dures). It can also provide areliable marker for assessing severity of a disease.
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MEASUREMENT OF OPTICAL PROPERTIESOF MICE TISSUES
AND DESIGN OF THEIR OPTICAL PHANTOMS
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Abstract. We measured the optical properties of mice tissues ex vivo in the range of 400-1100 nm by spec-
trophotometry technique. Measured val ues were employed for design of the optical phantoms that mimic optical
properties of the studied mice tissues in the specified range. Designed phantoms are suitable in tomographic
measurements for calibration of optical devices, approbation of novel techniques for biomedical diagnostics, and
use as an immersion liquid.

Optical tomography is a widely used class of non-invasive techniques for imaging of biotissue in
vivo. Phantoms that mimic optical characteristics of tissues are commonly employed in tomographic
measurements for the calibration of optical devices, the approbation of new techniques for biomedical
diagnostics before in vivo application. Furthermore, the optical phantoms are suitable for use as an
immersion liquid, for example, to suppress the effect of complex boundaries in diffuse optical tomo-
graphy.

In this work, we measured the optical properties of mice tissues ex vivo in the range of 400-
1100 nm. Measured values were employed for design of the optical phantoms that mimic optical prop-
erties of the studied mice tissues in the specified range.

Ex vivo brain and hind limb muscle tissues of laboratory mice were extracted immediately after
mice sacrifice. Each sample was homogenized and then placed in a 1-mm plane-paralel quartz
cuvette. Using an AnalytikJena Specord 250 Plus spectrophotometer with an integral sphere we
measured spectra of collimated and diffuse transmittance and diffuse reflection in the range of 400—
1100 nm. In order to retrieve spectra of biotissue optical properties, namely, absorption coefficient pa
(A) and scattering coefficient ps (1), from the measured data we apply the original technique [1], based
on least-scattering approximation. Calculated spectra of absorption and scattering coefficients are
shown in Figures 1a and 1b, respectively. Pronounced peaks of the absorption spectra correspond to
those of hemoglobin, one of the main chromophores within tissue. These results are in good agreement
with results of other studies[2, 3].
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Fig. 1. Optical absorption (@) and scattering (b) coefficients for brain and muscle tissues

At the next step we designed the optical phantom with optical properties equivalent to those of
brain tissue. Traditional components of phantoms are Intralipid and India ink [BOE 2014] mixed in a
custom proportion, where Intralipid is mostly responsible for scattering properties, while Indiaink is
responsible for absorption. In this study, instead of Intralipid we used Lipofundin as a scattering com-
ponent of phantom and in addition to black India ink, which is an absorption component, red ink was
used to more accurately mimic spectral dependencies of optical properties.

Unfortunately, significant qualitative difference between spectra of mice biotissues and phantom
components does not alow to design a unified phantom mimicking their optical properties in the
whole considered range (400—1100 nm). In this respect we developed two optical phantoms, mimick-
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ing tissue optical properties in two intervals: 480-580 and 580-1080 nm. These phantoms have the
same component composition (Lipofundin, black India ink, and red ink), however, mixed at different
concentrations. Optical properties of these phantoms are shown in Fig. 2a and 2b for two selected in-
tervals, respectively. The discrepancy between the values of tissue optical properties and those of the
phantoms does not exceed 20 %.
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Fig. 2. Comparison of optical properties of brain tissue and a) the optical phantom
for the range of 480-580 nm, b) the optical phantom for the range of 580—1080 hm
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Abstract. This presentation overviews time-resolved fluorescence spectroscopy (TRFS) and fluorescence
lifetime imaging (FLIM) instrumentation and associated methodologies which allow |abel-free in-vivo evalua-
tion of biological tissues. Emphasisis placed on recently developed techniques for real-time characterization and
diagnosis of diseased tissues during clinical interventions. This includes intraoperative delineation of tumor mar-
gins (brain tumors and head and neck tumors) and intravascular diagnosis of atherosclerotic cardiovascular dis-
ease. Current studiesin animal models and human patients demonstrate the ability of these techniques to provide
rapid in-situ evaluation of tissue biochemistry and their potential to guide surgical and intravascular procedures.

I ntroduction

Most clinical diagnostic applications of autofluorescence have been based on steady-state tech-
nique that relies on measurement of emission intensity and/or spectra. These measurements are typi-
cally affected by numerous factors including irregular tissue surfaces, non-uniform sample illumina-
tion, and the presence of endogenous absorbers such as blood in the operative field. Time-resolved
(lifetime) measurement of fluorescence emission have the potential to address such limitations and to
improve the specificity of fluorescence measurements[1]. The full potential value of fluorescence life-
time techniques has been, however, only sparsely evaluated in clinical settings [2]. Their clinical trans-
lation has been hampered by the complexity of the instrumental setups, lengthy data acquisition and
analysis, and high instrumentation costs associated with these techniques. In the following, we de-
scribe a fluorescence lifetime technique that has the potential to address such challenges and initial
results obtained in pre-clinical settings using such technique.

Overview of the multispectral fluorescence lifetime technique

A recent multispectra time-resolved fluorescence spectroscopy (ms-TRFS) technique designed in our
laboratory [3, 4] enables rapid and simultaneous recording of fluorescence decays in multiple spectra
bands compatible with rapid in-vivo applications. In this configuration, the fluorescence emission is
spectraly resolved using a set of dichroic and bandpass filters, allowing for selection of four channels or

wavelength bands. Then, each channel is coupled

daVinci Surgical ) to optical fibers of digtinct lengths that act as opti-

| Robotic System_ i ) cal ddlay lines. Thus, the spectraly resolved fluo-

o od rescence decays arrive at the detector separated in

time (~50 ns). The ms-TRFS device is based on

1 pulse sampling and gated detection, Wher_e t_he de-

o G tector a multi-channel plate photomultiplier re-

imaging mains on until the entire fluorescence transient

pulse is recorded using a digitizer with high sam-

pling frequency and analog bandwidth
(8 Gsamples's, 3 GHz).

If the tissue sample has high quantum efficiency,
asingle laser excitation pulse is enough to smulta-
neoudy record a complete transent fluorescent

’ * pulse for each channd (wavelength band). This
Fig. 1. Picture of .the ms-TRFS experimental set-up  method alows fast recording of fluorescence de-
adapted to work in conjunction w.|th.the. d_a Vinci cays (e.g., <1 ps per data point) in multiple spectral
surgical robot. The fluorescence excitation is induced bands generated in response to a single laser-pulse

by a micro-Q-switched laser (355 nm, 600 ps, - ) . . .
700 nJ/pulse) that can operate with a variable repeti- excitation. Figure 1 depicts a recent implementation

tion rate (20 Hz — 4 KHz). A MCP-PMT (rie ime  ©f the MSTRFS sysiem &s a diagnostic tool that
50 ps) and a digitizer (3 GHz analog bandwidth, ~WOrks in conjunction with the da Vinci surgical

125 Gs/s sampling speed) are used to detect and ~ robot. Notably, this versatile system enables acqui-
time-resol ve the fluorescence detection) gtion and analyss of fluorescence data in severa
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operation modes. The same instrument can be used for point spectroscopy, linear scanning, and planar (xy)
scanning as well as in pull-back motion-rotational modes. When used in planar or rotationa pull-back it
allows for recovery of spectroscopic or fluorescence lifetime imaging (FL1m) with high spatial resolution
(<100 um). The spectral channels can be adapted to resolve the autofluorescence emission of key biomole-
culesin tissue, including collagen, elastin, nicotinamide adenine dinuclectide (NADH), lipopigments, fla-
vins, and porphyrins.

Validation of the ms-TRFSin tissue specimens (ex-vivo) and in animal models (in-vivo)

The performance of the ms-TRFS was tested on both tissue phantoms and biological tissue both ex-vivo
and in-vivo. A few examples are presented in this section. Figure 2 depicts co-registered ms-TRFS data
with conventiona intravascular ultrasound (IVUS) acquired using a bimodal catheter from an ex-vivo hu-
man coronary artery. FLIm data corresponds to lifetime vaues from 390/40 nm wavelength band. Results
from this study were recently reported [5]. Figure 3 show in-vivo ms-TRFS measurement on porcine ani-
mal model demonstrating the functiondity of the lifetime overlay technique.

(@) 3D FLIm-IVUS data

Calcification "-J ‘

‘ ] Fig. 3. Left image shows the white-light image as acquired by
i, : ] I the daVinci Surgical System integrated stereoscope (FireFly).

Lipid rich ~o Right image shows the same frame, but with lifetime values

4 | from one channel (wavelength band 542/50 nm) of the ms-
11 I r TRFS system overlaid. The lifetime mask is dynamically up-
100 200 300 dated during the scanning process and the user can switch be-
Angle (degrecs) tween different channels in real-time. Experiment performed in
Fig. 2. & msTRFSdatain 3D co-registered with  the pig tongue in-vivo. Note the taste buds that have a shorter
3 selected IVUS frames. b) En-face lifetime map.  |ifetime values (~3 ns) when compared with the lifetime of the

Collagen-rich areas presents a higher lifetime  surrounding epithelial tissue (~4.5 ns)
relative to the macrophage-rich areas

Conclusion

Current studies demonstrate the feasibility of ms-TRFS technique to operate in clinically relevant
environments, to provide rapid in-situ evaluation of tissue biochemistry and show the potential of this
technique to guide surgical and intravascular procedures.
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Abstract. A robust model for simulating speckle pattern evolution in optical coherence tomography (OCT)
depending on the OCT system parameters, tissue deformation and/or scatterer motions is reported. The model is
based on application of close to reality procedures used in spectral-domain OCT scanners. It naturally generates
images reproducing properties of real images in spectral-domain OCT, including the pixelized structure and fi-
nite depth of unambiguous imaging corresponding to the chosen distance between the spectral components and
the optical spectrum shape, dependence on the optical wave frequency and coherence length, etc. Good agree-
ment with generally accepted speckle features and properties of real OCT images is demonstrated.

The problem of modeling speckle patterns of OCT images attracts a significant attention because
for many applications based on analysis of OCT images the speckle structure plays a key role. Since
the first works (e.g. [1]) related to studies of speckle patternsin OCT, a number of methods that can be
used for simulating speckle patterns and studying correlation properties have been discussed [2]. Re-
cently we proposed a robust model for simulating speckle pattern evolution in OCT [3] based on ap-
plication of close-to-reality procedures used in spectral-domain OCT scanners. The main advantages
of this approach are that (i) it is not necessary to assume in advance the character of speckle decorrela-
tion and properties of speckle-pattern evolution; (ii) for fixed parameters of the OCT-scanner, speckle
structure changes only due to motion of the scatterers like for real OCT.

The development of the reported model was stimulated first of all by the necessity of studying the
evolution of speckle patterns, including speckle decorrel ation properties due to motion of scatterers for
different parameters of the OCT system, which is a key issue in the context of development of new
variants of elastographic and angiographic imaging in OCT [4, 5]. The same understanding is also in-
dispensable for a wide range of problems related to the development of super-resolution methods for
application to OCT image processing, perfection of speckle-suppression methods, etc. To study these
problems, one needs a model for realistic description of speckle-pattern evolution caused by deforma-
tions/mations of the tissue and flows therein. Other important requirements to such a model include
the possibility of studying the role of such characteristics as the coherence length of the optical field,
the relation between the number of spectral harmonics used for image formation in spectral-domain
OCT scanners and the number of discrete elements in real pixelized images, the density of scatterers
digtributed in the tissue, etc. Another desired requirement is the possibility to directly obtain pixelized
images with the structure as close as possible to real OCT images, so that the images processing de-
veloped for simulated scans could be directly applied to real images. Although the reported model is
based on the procedures close to those used in spectral-domain OCT, the obtained results can actually
be applied to images obtained by time-domain OCT scanners (if the appropriate ratio between the opt-
ical wave length and the coherence length is used).

Each one-dimensional scan (A-scan) can be represented as a sum of contributions of all scatterers
and all spectral components registered at the photodetector array:

AG) =3 3" Ayl explizk,z) expl-i 2 ) v
n |

where A(q) is the complex amplitude of g-th pixel in the A-scan, z, is the depth coordinate correspond-
ing to the center of g-th pixel; nisthe index of the discrete spectral components (n varies from -N/2 to
N/2) where N is the total number of discrete spectral components registered by the receiving array and
k.=ko+zn/H is the corresponding wave numbers; ky=2xfy/c corresponding to the center frequency of
the light source fo; A; is the amplitude of optical wave backscattered by j-th scatterer located at the
depth z; factor Sk,) describes the spectral shape of the OCT system (for example, the spectra shape
of the source); H is the maximum imaged depth corresponding to the step |kn.1 — kq| between the spec-
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tral components (and zn...exp(—i 27nz, [ H) in (1) plays the role of inverse Fourier transform of

the spectrum S, = zi A S(k,) exp(i2k,z;)).

Simulation of the sequence of the OCT images during the deformation of tissue consist of the fol-
lowing steps:

— For each scatterer, its current position in the deformed tissue is updated;

— Asdescribed above, the contribution of each scatterer to the spectrum is calculated independently
and then contributions to the spectrum from all scatterers is summed to obtain the corresponding A-
scan according to Eqg. (1), taking into account the spectral shape of the OCT system.

It is important to note that the shift of each scatterer due sample deformation is rigorously deter-
mined. It can be aso noted, that the proposed approach takes into account full complex OCT signal,
from which either complex-valued scans or intensity only images can be formed.

The statistical parameters of the speckle patterns of real and smulated OCT images are in a good
agreement. Fig. 1 (a) shows a histogram of distribution of speckle intensity for area OCT image of
silicone grease. Fig. 1 (b) shows a similar histogram corresponding to a simulated image. Fig. 1 (¢)
shows the dependences of the speckle decorrelation as a function of strain found using 7x7 px window
for different values of the source spectral width Ak/k,. In the case when the central wavelength and the
coherence length are comparable (ko/Ak ~1) slow speckle blinking ensures weak decorrelation in the
plotted range of stain. In the case when the wavelength is much less than the coherence length (the
case (ky/Ak >>1) blinking is much stronger and causes almost complete decorrelation of the speckle
structure for strains ~1.5-2% (see. [6]).
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Fig. 1. Panel (a) shows a histogram of distribution of speckle intensity for a real OCT image of silicone
grease; (b) shows a similar histogram corresponding to a simulated image; (c) shows the dependences of
the speckle decorrelation as a function of strain found for 7x7 px correlation window for different values
of the source spectral width

The proposed approach allows one to evaluate the influence of the main parameters of OCT sys-
tems (the coherence length, centra wavelength, the number of spectral components and elements of
the receiving array, etc.) on the evolution of OCT images during the tissue deformation and other scat-
terer motions (e.g. in the presence of flows). Therefore, the proposed approach can be used for numer-
ica smulations/testing of a wide variety of algorithms for processing OCT signals in the problems of
elastogaphic and angiographic imaging, as well asfor mapping rheol ogical properties of tissues.

Acknowledgements

This work is partially supported by the Russian Foundation for Basic Research (grant No. 15-42-
02513 and 13-02-97131). The authors also acknowledge the OCT Lab of the Nizhny Novgorod State
Medica Academy (under Russian Federation Government contract No. 14.B25.31.0015).

References

1. JM. Schmitt, S.H. Xiang, and K.M. Yung, Journal of biomedical optics, 1999, 4(1), 95-105.

2. D.D. Duncan and S.J. Kirkpatrick, JOSA A, 2008, 25(1), 231-237.

3. V.. Zaitsev, L.A. Matveev, A.L. Matveyev, G.V. Gelikonov, and V.M. Gelikonov, Laser Physics Letters,
2014, 11(10), 105601.

4. VY. Zaitsev, V.M. Gelikonov, L.A. Matveev, G.V. Gelikonov, A.L. Matveyev, PA. Shilyagin, and
I.A. Vitkin, Radiophysics and Quantum Electronics, 2014, 57(1), 52-66.

5. V.Y. Zaitsev, I.A. Vitkin, L.A. Matveev, V.M. Gelikonov, A.L. Matveyev, and G.V. Gelikonov,
Radiophysics and Quantum Electronics, 2014, 57(3), 210-225.

6. V.Y.Zaitsev, L.A. Matveev, A.L. Matveyev, G.V. Gelikonov, and V.M. Gelikonov, Journal of biomedical
optics, 2014, 19(2), 021107.

82



TISSUE CHARACTERIZATION METHOD IN POLARIZATION
SENSITIVE OPTICAL COHERENCE TOMOGRAPHY

A. Moiseev', G. Gelikonov', V. Gelikonov*®, M. Sirotkina?,
N. Buyanova?, L. Snopova?, and N. Gladkova?

! Institute of Applied Physics of the RAS, Nizhny Novgorod, Russia,
aleksandr.moi seev@gmail .com
2Nizhny Novgorod State Medical Academy, Nizhny Novgorod, Russia
¥Nizhny Novgorod State University, Nizhny Novgorod, Russia

Abstract. Method of automated characterization of tissue type of mouse ear is proposed. For classification
purposes optical coherence tomography images obtained in two polarization channels were analyzed and proba-
bilistic model was built based on these distributions using semi supervised learning method. Utilizing the model
one can predict the probability of certain part of the OCT image to belong to one of the examined tissue types.

Optical Coherence Tomography (OCT) is amodern tool of visualization of inner structures of bio-
logical tissues. One of the emerging directions of OCT development is automated analysis of OCT
images [1, 2]. In this work we develop method of automated segmentation of OCT images of mice
ears. The method allows to automatically distinguish between normal and pathological tissues.

Method

To learn the agorithm we used several tomograms with manually marked morphologically differ-
ent regions. Manual segmentation were based on histology specimens, taken in the same day as tomo-
grams. The proposed algorithm is comprised of the following steps: first we represent each tomogram
as a set of feature vectors. Then from big set of tomograms (labeled and unlabeled as well) we con-
struct space of feature vectors. This space we reduce to small number (N~30) of vectors, using either
of those methods. k-means clusterisation, Gaussian mixture approximation of the data set or principa
component analysis (each of these methods leads to smilar results). Such representation allows us to
utilize not only small subset of labeled images, but the whole dataset of tomograms. Then every fea-
ture vector from labeled subset was decomposed with those obtained vectors. Decomposition coeffi-
cients were used to construct random forest tree classifier, which was eventually used to classify every
new image.

As initid features (before clusterisation) we used simply intensity vale, intensity values of severa
neighboring values at the same A-scan and the values of the same pixels at the OCT image obtained in
cross-polarization channel. It been shown previously that utilizing additiona polarization channel may
significantly improve sensitivity of OCT to cancer diseases.

Results

In figure 1 we show some examples of classified tomograms. In the left column of the first figure
one can see tomogram in co- and cross-polarization channels, manually segmented regions (smooth
regions right column, top) and corresponding classification result (right column, bottom). About 90%
of manually segmented pixels are classified correctly with proposed method.

Fig. 1
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In figure 2, from left to right: tomogram in co- and cross-polarization channels and classification
result.

Fig. 2
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Abstract. In this work we propose a method of constructing superresolution image of STochastical Recon-
struction Microscopy (STORM) from a subset a localizations, insufficient for constructing image with conven-
tional method. The approach may potentially decrease the time necessary for STORM data collection.

L ocalization microscopy such as STORM is an emerging tool for visualization biological structures
stained with fluorescence dye with resolution up to several tens of nanometers [1]. The basic principle
of constructing image in such microscopy is consecutive visualization and localization of sufficient
number of fluorescent molecules. Since original approach requires nonoverlaping subsets of fluoro-
phores at each frame, total time of data acquisition in STORM might be relatively large. Recent years
several techniques were proposed which alow to localize molecules from overlapping subsets, thus
reducing the time, required for data acquisition [2]. Here we propose a complementary method.

Method

The main idea of the proposed method is to guess, where the next molecules might appear, basing
on the small subset of already localized fluorophores. To do so, we use an image of the same type of
biological structure, visualized from the full subset of STORM data. Then we extract from this train-
ing image al possible patches, i.e. al mutual positions of localized molecules, presented in the train-
ing image. In first figure one can see an example of training image (left panel) and some of the ex-
tracted patches (right panel).

To reconstruct image of interest from sparse subset of data, we substitute each patch from thisim-
age with the closest one from the set of training patches (i.e. the patch with largest correlation coeffi-
cient with target patch). In the second figure STORM image reconstructed from full set of data (left
panel), image, reconstructed from one sixth part of this data with conventional (center panel) and with
proposed method (right panel). One can see, that proposed method makes visible most of the promi-
nent image structures.
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Abstract. Optical coherence elastography (OCE) aims at mapping mechanical properties of tissue to com-
plement morphologic images obtained by optical coherence tomography (OCT). Tissue stiffness can be deter-
mined from the speed of propagating shear waves launched in tissue. We propose a method using phase-sensitive
OCT to track ultrasound-induced shear waves. Ultrasound bursts of hundreds of microseconds are commonly
used to remotely generate displacements in tissue. Here, we investigate the use of amplitude-modulated ultra-
sound emissions to enhance the shear wave signal-to-noise ratio and obtain high-quality elastic maps of tissue
mimicking phantoms at low ultrasound pressures.

I ntroduction

Optical coherence tomography (OCT) is routinely used in ophthalmology for morphologic imaging
of the cornea and retinal layers with a micron scale resol ution. Assessing the mechanical properties of
these tissue could help the diagnosis and/or the management of ophthalmic pathologies (e.g. post-
refractive surgery complications, glaucoma, etc...). A number of groups have worked on developing
optical coherence elastography (OCE) which aims at assessing the elastic properties of biological tis-
sue using OCT. For instance, tissue stiffness can be determined from the speed of a shear wave propa
gating in the tissue. Ophthalmic applications require a shear source that is non-invasive and can poten-
tialy reach different parts of the eye: cornea, lens, and retina. We have previously introduced a method
that combines ultrasound for remote shear wave generation and phase-sensitive OCT for shear wave
tracking [1]. Here, we propose the use of amplitude-modulated ultrasound emission combined with a
pulse compression algorithm to improve the shear wave signal-to-noise ratio (SNR) at low pressure
levelsto comply with safety regulations on ultrasound exposure in ophthalmol ogy.

Material and methods

We performed experiments on gelatin phantoms containing latex microbeads for optical scattering.
The phase-sensitive OCT system is a fiber-based spectral-domain OCT setup with a broadband light
source (central wavelength 1310 nm, bandwidth 56 nm) and an ultrafast spectrometer (1024 pixels)
operating at a 47-kHz acquisition rate. The sample is illuminated from the top. Displacements occur-
ring in the sample are detected by acquiring a set of 256 A-lines at one given location at 47 kHz (M-
scan). The phase difference between consecutive A-lines yields depth-resolved axia displacements.
M-scans are acquired at 128 adjacent lateral locations to sweep the entire sample. A complete acquisi-
tion (256 A-lines x 128 locations) lasts ~ 1 sec. A single-element, spherically focused transducer (cen-
tral frequency 7.5 MHz, focal distance 3.5 cm, diameter 2.3 cm) is placed at the bottom of the sample.
An ultrasound beam is emitted at the beginning of each M-scan to generate a shear wave by acoustic
radiation force. Different types of emissions were investigated: 1) a 200-us burst and 2) a 3-ms long,
amplitude-modulated emission. For both cases, ultrasound pressures between 1.5 and 3 MPa
were tested, corresponding to a mechanical index (MI) of respectively 0.55 and 1.10. The amplitude
modulation is illustrated in Fig. 1la. The resulting displacements are numerically compressed using a
pulse compression approach described in [2]. The post-compression displacement field is used
to reconstruct shear wave speed maps of the sample using a time-of-flight agorithm based on
cross-correlation of neighboring signals. Normalized correlation coefficients smaller than 0.9 were
rejected.

Results

Fig. 1b shows the temporal profile of the displacements induced in a gelatin phantom by the
amplitude-modulated ultrasound emission at M| = 1.10. The displacements are a linear-swept frequen-
cy signal with a spectra content matching that of the amplitude-modulation. Fig. 1c shows the
displacements obtained after applying the numerical pulse compression algorithm. In other words,
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Fig. 1b and Fig. 1c are respectively the raw version and post-compression version of the same data.
The pulse compression gives a SNR gain of more than 27 dB.
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Fig. 1. (8) Amplitude-modulated ultrasound (US) emission: the 7.5-MHz driving sine wave (gray) is gated by a li-
near-swept frequency square wave (black). (b) Resulting axial displacements obtained in a 10%-gelatin phantom,
SNR = 11.9 dB. (c) Displacements obtained after applying pulse compression, SNR = 39.7 dB

We compared the quality of elastic maps reconstructed using either a burst or an amplitude-
modulated ultrasound emission for shear wave generation. The heterogeneous phantom is shown in
Fig. 2a. Fig. 2b to 2d are elastic maps where the shear wave speed is color-coded and black pixels cor-
respond to rejected speed estimates (normalized correlation coefficient smaller than 0.9). At
MI = 1.10, the burst gives a sufficient displacement SNR to estimate the shear wave speed at each pix-
e of the imaging area (see Fig. 2b). The speeds in the left and right parts of the phantom are respec-
tively 2.2 £ 0.3 m/s and 3.1 + 0.6 m/s, which is close to the expected value extracted from the litera-
ture [3]. At alower MI, the burst yields a low-quality reconstruction because of a poor displacements
SNR (Fig. 2¢). In contrary, the amplitude-modul ated emission at low M1 (Fig. 2d) enables to recover a
similar elastic map to that obtained with a burst at higher MI.
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Fig. 2. (8) B-mode image of a heterogeneous phantom made of 5%-gelatin on the left side and 10%-gelatin on the
right side. The dash line delineates the interface between both parts. (b — d) Shear wave speed maps reconstructed
from either a 200-us burst at M1 = 1.10 (b), a 200-ps burst at MI = 0.55 (c¢) or a 3-ms amplitude-modulated emission
a Ml = 0.55 (d)

Conclusion

We have implemented a non-contact shear wave elastography method based on acoustic radiation
force as a shear source and phase-sensitive OCT for detection. We have demonstrated on tissue-
mimicking phantoms that amplitude-modulated ultrasound emission provide high-SNR, broadband
shear waves at low pressures. Further work will focus on testing ocular tissue such as the cornea.
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Abstract. Photoacoustic tomography provides images with optical contrast of strongly light-scattering bio-
logical tissue. In order to extend the contrast to variations in mechanical properties, laser ultrasound techniques
are proposed that are based on acoustic back scattering and transmission. With an external absorber, parts of the
same laser pulses are used to generate co-registered optical absorption and acoustic back scattering images. Add-
ing alaser ultrasound target for generation of temporally encoded sound waves extends this method to the acqui-
sition of speed of sound images. Examples are shown on phantoms and biological tissue, using an optical sensor
for recording the sound waves.

Photoacoustic imaging (PAI) combines optical and ultrasound techniques for the visualization of
optically absorbing structures in biological tissue. It provides images mainly of vasculature in regions
where the incoming light pulses are strongly scattered. Although the contrast and resolution of blood
vessels makes this imaging method very attractive for the diagnostics of vascular abnormalities, it
lacks contrast for structures that do not absorb light. Therefore, there have been various attempts to
combine PAI with other imaging modalities, such as pulse-echo ultrasound (US) [1], or optical cohe-
rence tomography (OCT) [2]. Both of these techniques provide contrast for structures such as tissue
boundaries, which reflect and scatter ultrasound and light, respectively.

For the combination of PAl and USit is possible to use the same laser pulse for both, the excitation
of sound waves in the imaged object (PAl) and on an externa target (US) [3-5]. Moreover, the exter-
nally generated sound wave can be launched in different ways, enabling either pulse echo images or
ultrasound transmission images. The former gives rise to images depicting structures with acoustic
scattering contrast, the latter can be used to visualize speed of sound (SOS) distributions and also
acoustic attenuation [6].

In the presented work several tomographic methods are shown, which use the combination of PAI
and LUS. Both, the pulse echo and transmission mode are used to obtain complete information about
the optical and mechanical contrast in biological aobjects. In particular, a planar absorber combined
with an acoustic line detector are combined to achieve three-dimensional tomographic images of the
distribution of absorbed optical energy density (from direct illumination of the object) and of acoustic
scattering contrast (from illumination of the external target). Reconstruction methods are very similar,
using back projection of recorded pressure signals to possible source positions of optical absorption
and acoustic scattering. Since the procedure for acquiring data for a three-dimensional image with a
single detector is very time consuming, we also have developed a two-dimensional section imaging
device, which uses focused detection from a planar section within an object, combined with focused
emission of externally generated LUS.

A further development extends this combined imaging technique with ultrasound transmission to-
mography (Fig. 1). An arrangement of cascaded external absorbers creates a set of distinct ultrasound
waves, where the arrival time at the line detector and the location where the waves pass the object are
correlated. From measurements of the temporal shift in the presence of the object relative to a refer-
ence signal without object it is possible to obtain alinear projection image of the speed of sound in the
observed dice. By rotating the object, a set of such projection images is recorded, followed by an in-
verse Radon transform that finally yields the two-dimensional SOS map. With the same setup, pho-
toacoustic signals can be recorded after illuminating the object directly with laser pulses and LUS sig-
nals by irradiating a linear external target.

——__% | absorbing targets for SOS
__‘-—_,i tomography
/’_"\_

= @ . ‘+<: detection beam Fig. 1. Experimental setup for simultaneous photoac-
object oustic, speed-of-sound and laser-ultrasound imaging.
side The green arrows indicate the direction of the incom-
view . ing laser pulses. The acoustic reflector is made of
| ‘ glass and is coated with a black layer for generation of
tttt ultrasound. Sound waves are recorded with an optical

reflector  abs. layer detection beam, which is part of an interferometer
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With this combined setup we recorded an image of a phantom containing optical absorption, speed
of sound and density heterogeneities. The resulting image is shown in Fig. 2. Apart from the complete
information available in such a set of images about the optical and mechanica properties, the speed of
sound data can also be used to improve the PA and LUS images. Normally, in PA and LUS reconstruc-
tion a constant, average speed of sound is assumed. However, with the knowledge of the SOS distribu-
tion the reconstruction, which uses the time of flight information of the recorded sound waves, can be
corrected.
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Fig. 2. (8) Layout of the scattering agar phantom. G: gelatin, RO: rape seed oil, CW: copper wire, H: hair,
W: water. (b) SOS image, (c) photoacoustic image, (d) laser ultrasound image
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Abstract. We carried out model experiments to investigate the sensitivity of earlier developed bimodal op-
toacoustic (OA) microscope using two antennas with different resonance frequencies (14 MHz and 20 MHz) and
the equal bandwidth at the level of -6 dB (10 MHZz). We used the phantom imitating the optical properties of
biological tissue containing blood vessels. We work towards theoretical and experimental evaluation of maxi-
mum sensitivity of multi-spectral OA microscope to local changes in tissue oxygenation at various depths of
optoacoustic imaging.

Optoacoustic (OA) diagnostics is a novel method of biomedical imaging, based on the detection of
ultrasonic waves excited by the optical inhomogeneities absorbing optical laser pulses in the investi-
gated medium. Since a hemoglobin is a strong absorber of optical radiation, OA imaging is widely
used for visualization of blood vessels. Multi-spectral OA measurements allow calculating the relative
concentrations of oxy-(Hb0,) and deoxyhemoglobin (Hb), and therefore blood oxygen saturation
(St0,). In this work, we will demonstrate theoretical and experimental evaluation of sensitivity of the
developed OA methods to local changes in concentrations of HbO, u Hb at various depths of pho-
toacoustic sensing using earlier developed bimodal OA microscope [1]. Similar numerical experiments
were performed in [2] for the estimation of maximum sensitivity in defining of St0,.

As far as local concentrations of HbO, u Hb are known, the blood oxygen saturation is given by
the formula:

St0, = —% . 100%, )

Cubo, +Chp

where Cyy,0, u Cyy, arerelative concentrations of oxy- and deoxyhemoglobin.

Let us define the accuracy of OA measurements of oxygen saturation as 65t0,. The following for-
mula provides with the analytical connection between 65t0, at various depths Z and parameters of the
medium or OA measurement system.

—8115-5t0;)? 1 H —81-St0 1 H —841-5t0
§5¢0,(Z) = (np =8-St 02)" [ . (_2_|_ [ 2) + . (_2+ 1) Cm—di 2] - 100%, (2)
Spz-up—8prpy  LSNRg \Hy = pp—6py-St0; SNR, \Hj Hz =8-St 0;

where SNR,(Z) is the acoustic signal-to-noise ratio measured at wavelength A, at given depth Z;
SNR,(Z) isthe optical signal-to-noise measured at wavelength 4, at given depth Z; p, , is the optical
absorption of Hb at wavelength 4, ,; 8y, , is the difference between the optical absorption of HbO,
and Hb at wavelength A, ,; H; , is the optical fluence distribution at wavelengths 4, , at different
depths.

According to Eq.2 it is possible to minimize §5t0, by choosing optimal wavelengths for OA sens-
ing, however the parameters of acoustic and optical signal-to-noise ratios and the optical fluence dis-
tribution should be known.

In order to estimate SNR, we conducted the experiment to investigate the sensitivity of earlier de-
veloped bimodal optoacoustic (OA) microscope using two antennas with different resonance frequen-
cies (14 MHz and 20 MHz) and the equal bandwidth at the level of -6 dB (10 MHZz). To estimate
SNR,(Z) the origina model of biological tissue with seven blood vessels oriented along the Y-axis
and located at different depths Z ranging from 1 to 6 mm (Fig. 1a, d) was developed. We used 1.5%
water dilution of intralipid as the model of biologica tissue, cylindrical tubes of polyimide with an
inner diameter of 400 mm and a wall thickness of 50 um as the model of blood vessels and 4% water
dilution of black ink as amodel of blood.

90



Fig. 1. (a, b) — the developed phantom in the air (c) — the phantom filled with the 4% water dilution of intralipid
(d) — the scheme of location of blood vessels in the plane of visualization (e, f) = OA and US B-scans obtained
using the detector with 20 MHz (g, h) - OA and US B-scans obtained using the detector with 14 MHz

The spectral dependency (Fig. 2) of the optical properties of intralipid and black ink in selected
concentrations was obtained in the experiment using the spectrophotometer Specord 250 plus.
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Fig. 2. Optical properties of biological and biosimilar tissues:
(a) —the optical absorption coefficients (b) — the optical scattering coefficients

Mechanical scanning of OA microscope was carried out along the X-axis with a 60 pm step. In
Fig. 1, e-h OA and ultrasound (US) B-scans in the plane XZ consisted of 1000 A-scans. The total
scanning time was 100 seconds due to the limited repetition frequency of laser pulses (10 Hz). Based
on OA images (Fig. 1, e, g) it was possibleto calculate SNR, (7).

As the optical fluence distribution is also included into Eq.2, the next step is determination of the
optical fluence H and SNR,. At this moment we are preparing the in vivo experiments on transillumi-
nation optical spectroscopy of little animals. Combining experimentally obtained H, SNR, and SNR,
we are going to find wavelengths minimizing 8St0, parameter at Eq.2. The results will be presented
at the conference.
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Abstract. Fluorescence molecular tomography (FMT) offers great advantages such as high sensitivity and
specificity, together with the quantitative information that optical tomography approaches offer for in-vivo imag-
ing. One of the drawbacks of fluorescence in-vivo imaging methods, however is the presence of autofluores-
cence, which lowers the signal to background ratio of the measurements. One of the most robust approaches to
effectively remove the contribution of autofluorescence is by making use of multispectral unmixing approaches.
In order to be implemented in an optical tomography setup, however, several steps, unique to FMT, are important
in order to obtain quantitative information.

Introduction

Tumor growth, angiogenesis, invasiveness and metastasis are main hallmarks that determine the malig-
nancy of cancer. For al of them, remodeling of the extracellular matrix and the vascular or epithelial basal
membranes is required and is orchestrated by several proteases [1], such as Cathepsin B. The main aim of
this work is to develop a brain-specific fluorescence molecular tomography (FMT) setup that enables in
vivo imaging of tumor growth during the progression of a glioma model. In order for this approach to
present high sensitivity, it is important that the contribution of autofluorescence is removed. Autofluores-
cence is non-specific fluorescence originating from several tissue components, with the relevant and signif-
icant feature that its emission spectrum varies from subject to subject, and is different at different tissue
regions. Several approaches make use of unmixing methods, however all these approaches make use of the
raw data[2], afact which isincompatible with tomographical approaches.

M ethods

Animal Preparation: 2x105 Gl261-iRFP [3] expressing cells were implanted in the right striatum. The
activatable probe Cathepsin B 750 (Perkin Elmer) was used to assess cathepsin B activity in vivo [4]. Mea
surements were performed over time using a FMT setup adapted specifically for multispectral brain imag-
ing developed in-house at the ETH.

FMT multispectral setup: In order to cover a large spectrum of NIR emission the customized FMT
setup included 10 filters spanning the range from 680 nm to 800 nm, with spectral widths of 10 nm.
598 nm, 635 nm, 670 nm and 750 nm lasers where used for excitation, in order to recover the multispectral
matrix.

Multispectral Inversion: Each tomographic measurement comprised a scan of a point source over the
surface of the head of the mouse, recovering an excitation image and the whole multispectral set of emis-
sion images. Once these images where acquired, spectral unmixing was applied to the reconstructed image,
in order to properly account for the effect of tissue scattering and absorption in the spectrum. In order to
properly recover the concentration of known fluorophores and fluorescent proteins the spectrum of these
was used as prior knowledge.

Results

The multispectral FMT reconstruction approach consisted on two main steps: 1) an FMT reconstruction
using excitation and a single emission wavelength, routine which was repeated for all possible excita-
tion/emission combinations; and 2) an inversion of the multispectral reconstruction matrix in order to re-
cover the specific concentration of the expected fluorophores and fluorescent proteins. This approach was
implemented in the the novel brain-FMT imaged developed at the ETH and was applied to evaluate tumor
growth and cathepsin B activity levelsin vivo during the development of the orthotopic GI261 gliomatumors.

Conclusions

3D reconstructed images multispectral images alowed accurate quantification of fluorescent probes and
fluorescent proteins in-vivo, significantly increasing our signal to background ration and our sensitivity.
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The brain-FMT multispectral imager developed at the ETH enables to follow-up tumor progression and
thus has great potential in the evaluation of the effect of experimental therapeutic treatments.
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Abstract. Two “grand challenges’ in optical bioimaging are how to penetrate the superficial layers of bio-
logical tissue to provide cellular-resolution optical microscopy centimeters deep in tissue, and how to provide
sufficient contrast, in living tissue, to differentiate the tissue constituents of interest. In our group, we have been
developing advanced forms of optical coherence tomography to address these challenges. Microscope-in-a-
Needle technology enables delivery of the imaging beam deep in tissue, and parametric imaging of attenuation,
birefringence, speckle decorrelation or stiffness adds contrast beyond that provided by native scattering. Thistalk
will describe our latest developmentsin these areas.

M otivation

If optical coherence tomography (OCT) isto maximise its potentia for application in solid biologi-
cal tissues beyond where it sits today, advances must be made in depth penetration and the ability to
differentiate tissue constituents (contrast), whilst maintaining, or improving, resolution. We have been
focussing on pragmatic approaches to address these issues: the Microscope-in-a-Needle platform [1],
to enable deep penetration, and parametric OCT [2], which is a promising approach to extracting addi-
tional information from three-dimensional OCT scans of tissue, beyond simple imaging by backscatter
contrast. Our focus has been on the parameters of attenuation, birefringence, speckle decorrelation,
and stiffness.

OCT Microscope-in-a-Needle

Our OCT imaging needle probes have now advanced sufficiently to be able to compete with con-
ventional OCT systems in terms of sensitivity (>100 dB) [3], with dightly lower resolution (10-20 um),
and dower scan speeds (0.5 frames per second). Lately, we have begun to address the scan-speed issue
with promising results from a prototype high-speed push-pull scanner at 80 frames per second. We are
adding functionsto the basic OCT needle platform, for example, by combining fluid delivery — an optof-
luidic needle [4], and by combining with fluorescence: multi-moda molecular imaging [5]. These ad-
vances will help move this platform forwardsin our main application areas of intraoperative surgical and
biopsy guidance, with afocus on breast cancer [6].

Parametric Imaging

The parametric approach uses models parameterised with the property, or properties, of interest,
and signal processing to fit these models to the acquired data. Such properties are generally (but not
necessarily) optical, for example, axial attenuation (extinction) [7-9], birefringence [10-12], or
speckle decorrelation [13]. We have also been exploring parametric imaging of mechanica contrast,
including the parameters of strain [14], surface stress[15, 16], and stiffness.

In all cases we have explored to date, the parameter of interest is determined in the axial direction
only and, in order to do so, some sacrifice is made in axia resolution, that is, compared to the native
OCT axia resolution (although this loss of resolution is not intrinsic to the concept). The natural mode
of display of such imagesisin the en face dimension, as maps of the parameter. A key element of our
parametric imaging in vascular tissue has been masking out the highly scattering vessels in order to
properly measure the parameter of interest in the residual tissue. In this way, we have developed effec-
tive means of separately characterising microvasculature and collagenous tissue, the key components
of scars, but also of many tumours. Our work to date has demonstrated enhanced contrast between
different soft tissue constituents in tissues across applications in muscular dystrophy [9], burn scars [8,
12] and breast cancer [17].
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Conclusion

The platform of tools we developed for characterizing tissue lends itself to many applications
beyond our current focus on breast cancer, burn scars and muscular dystrophy. This includes cancer in
the brain, head and neck, lung, and prostate. In particular, the combination of microvasculature imag-
ing with parametric imaging of attenuation, birefringence, and stiffness would provide a comprehen-
sive characterization of many tissues, and we are well placed to advance this.
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Fig. 1. Example of parametric OCT of stiffness (strain) in ducta cell carcinoma. (a) Haematoxylin and eosin histology;
(b) En face OCT, and (c) strain overlaid on the OCT. Images are 19 x 19 mm [17]
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Abstract. A 3-port coupler setup is proposed to eliminate mirror artifacts in spectrometer based OCT.

Fourier domain optical coherence tomography (FD OCT) is based on measuring optical spectrum
of asum of two interfering waves: the reference one and the wave backscattered from the object [1, 2].
The information about object’ sinner structure is reconstructed by inverse Fourier transform of the opt-
ical spectrum. The abtained spectrum corresponds to the intensity of analyzed optical radiation, so it is
the real function of optical frequency. The reconstructed by Fourier transformation image has mirror-
symmetrical structure relative to zero of path-difference between interferometer arms. Some methods
of eliminating of the mirror artifacts, obtained for SD-OCT [1-4], are based on consecutive obtaining
of spectral components with different phase shift between reference and object waves. The simultane-
ous obtaining of full complex spectrum makes possible eliminating the influence of Doppler phase
shifts of moving scatterers in the object [5-6]. The simultaneous obtaining of quadrature interference
components in spectrometer-based OCT by using dual linear CCD array was proposed in [7] and in-
vestigated in detail in [8]. The setup described in [8] requires very precise tuning of all elements of
bulk optical interferometer, which is unavailable in common-path devices.

The work is devoted to examine the possibility of the use of 3-port coupler in spectrometer-based
OCT for reconstructing the complex amplitude of the interference signal.

The interference comb after passing of a multiple-arms coupler has an evenly distributed phase
component due to the energy conservation law. So it the number of coupler arms s 3, the interference
pattern registered in different arms should have a phase difference of 2n/3 between each two arms.
Due to commutability of Fourier transformation this property is applicable for both spectral and lateral
presentations of registered SD OCT signal.

Using Fourier transformation for spectrum obtained in every arm of the coupler (fig. 1) one can
find the following equations for SD OCT signal in axial presentation

Ay=1(D(2) + D(-2))

rD(z )

(\/_—1)— (\/_+1)

T T

Ac= —ED(Z)(l +iV3) + ED(—Z)(L'\/E - 1)
where r is the field scattering coefficient for the reference arm of the interferometer, D(2) denotes the
amplitude of the field backscattered in the object from depth z and reached the coupler. D(-2) is the
mirror artifact. Any autocorrelation artifacts (such as coherent noises, DC component) are supposed to

be eliminated.
Combining theses equations one can eliminate D(-z) component from the image:

a-Ay+f-Ay+y-A. =1D(2)

where

a=1 p= - I/\/_ 7=#.

Figure 2 represents the effectiveness of the reconstruction for eliminating of the mirror artifacts.
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Single arm signal = |  Triple arm reconstructing

Fig. 1. A schematic setup of 3-port coupler Fig. 2. Anillustration of mirror artifacts elimination
SD OCT. 1 —reference arm; 2 — probe arm using 3-port coupler SD OCT
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Abstract. Recent advances in depth-resolved wide-field imaging technique has enabled many high through-
put applications in biology and medicine. Depth resolved imaging of incoherent signals can be readily accom-
plished with structured light illumination. This approach is demonstrated by a study where we measure cellular
radiation damage by quantifying number of nucleic DNA double strand breaks. The integration of this high
throughput system with novel spectroscopic resolving elements further enable high-content information extrac-
tion. The extension of incoherent depth-resolved wide-field imaging to coherent modality is non-trivial. Here, we
will cover recent advancesin novel phase and transient absorption imaging systems.

Structured light 3D tissue cytometer

A high throughput 3D image cytometer have been developed that improves imaging speed by an order
of magnitude over current technologies. This imaging speed improvement was realized by combining sev-
eral key components. First, a depth-resolved image can be rapidly generated using a structured light recon-
struction algorithm that requires only two wide field images, one with uniform illumination and the other
with structured illumination. Second, depth scanning is implemented using the high speed remote depth
scanning. Finaly, the large field of view, high NA objective lens and the high pixelation, high frame rate
SCMOS camera enable high resolution, high sensitivity imaging of alarge cell population. This system can
image at 800 cell/sec in 3D at submicron resolution corresponding to imaging 1 million cells in 20 min.
The statistical accuracy of this instrument is verified by quantitatively measuring rare cell populations with
ratio ranging from 1:1 to 1:10°.
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Fig. 1. Structured light cytometer

Fig. 2. 3D resolved counting of DNA double strand break in an nucleus
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Speckle-based reflection-mode phase microscope

We demonstrate a quantitative reflection-phase microscope based on time-varying speckle-field illumi-
nation. Due to the short spatial coherence length of the speckle field, the proposed imaging system features
superior latera resolution, 520 nm, as well as high-depth selectivity, 1.03 pm. Off-axis interferometric de-
tection enables wide-field and single-shot imaging appropriate for high-speed measurements. In addition,
the measured phase sensitivity of this method, which is the smallest measurable axial motion, is more than
40 times higher than that available using a transmission system. We demonstrate the utility of our method
by successfully distinguishing the motion of the top surface from that of the bottom in red blood cells. The
proposed method will be useful for studying membrane dynamicsin complex eukaryotic cells.
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Abstract. The wide clinical applicability of optoacoustic methods is currently limited by the difficulties of
spatial reconstruction of the concentrations of tissue chromophores. A major chalenge for quantitative optoac-
oustic imaging is the unknown optical fluence within the tissue being studied as fluence cannot be independently
measured using the traditional methods of optoacoustic sensing. The incorporation of diffuse optical measure-
ments into a traditional optoacoustic system eases optoacoustic quantification by using the theoretical relation-
ships between the optical fluence and the diffuse reflectance. In this work we propose to measure the diffuse
reflectance by using a new ADOR technique that relies on the thermoelastic signal generated at the surface of the
optoacoustic detector by the backscattered photons. We have performed the phantom experiments using the
ADOR technique and demonstrate, that the sensitivity of ADOR allows investigation of biotissues. The results of
the experiments reveal the similarities of the ADOR technique to the traditional method of diffuse optical reflec-
tometry. In this study we implemented the ADOR technique as a third optical modality for a previousy devel-
oped dual-modality optoacoustic/ultrasonic microscope. In general, the ADOR technique could also be realized
asa“free” upgrade to other optoacoustic systems.

Optoacoustic (OA) (or photoacoustic) imaging is a modern method of biomedical visualization
based on the remote detection of ultrasonic (US) pulses generated in the tissue under investigation due
to the absorption of nanosecond laser pulses by optical heterogeneities. Hybrid methods of OA imag-
ing combine the advantages of both the optical and US modalities. The large differences in the optical
absorption by the target endogenous or exogenous chromophores ensure that the OA images have a
high contrast-to-noise ratio, while the minimal US scattering and frequency-dependent US attenuation
of biotissues determine the scalable diagnostic depth and spatial resol ution.

Modern clinical facilities demand multi-spectral OA imaging systems that are capable of 3D recon-
struction of tissue chromophore concentrations. However, leading optoacoustic groups have hig-
hlighted the multiple challenges facing quantitative optoacoustic imaging (QOI). One of the most sig-
nificant aspects of QOI is the unknown spatial distribution of the optical fluence inside the biotissue
that impacts on the amplitudes of the OA pressure signals that are generated.

One of the ways to compensate for inhomogeneous fluence distribution in multi-spectral OA im-
ages is to use model-based algorithms. To avoid computational difficulties it is also possible to meas-
ure the optical fluence directly. Different authors proposed utilizing the methods of diffuse optical to-
mography alongside the traditional OA systems. However, due to the limited space above the imaging
object the incorporation of independent diffuse optical equipment into the OA imaging head can be
challenging (especialy in the case of reflection-mode geometries).

In this work we propose the concept of acoustical diffuse optical reflectometry (ADOR) that allows
measuring the diffuse reflectance, since the absorption of backscattered light by the OA detector caus-
esasignal. Necessary relations between diffuse reflectance, fluence and absorption can be further spe-
cified by the theoretical models. However, the application of ADOR technique to quantitative optoac-
oustic methods are not be addressed in this work.

In Figure 1a we present our implementation of the ADOR technique, based on our previously de-
veloped dual-modality OA/US microscope [1, 2]. A solid-state laser, LT-2214-PC (LOTIS TII, Belo-
russia), provides 18 ns optical pulses across a tunable 4002100 nm wavelength range. The output la-
ser beam is collimated into a fiber bundle (Ceram Optec, Germany). The custom-made 10:90 beam
splitter with a calibrated pyroelectric sensor ES111C (Thorlabs, USA) is used to determine the energy
for each single laser pulse at the dista fiber tips needed to calculate the effective radiant exposure at
the surface of the object. The radiant exposure was kept below 10 mJcm? to satisfy the 20 md/cm?
standard for laser safety).

Fourteen output arms of the fiber bundle (each arm of 2.5 mm diameter and with a 0.17 numerical
aperture in water) are homogeneously distributed along a conical surface at an angle of 40 degrees [3]
to the Z axis providing illumination of the object. A polyvinylidene difluoride (PVDF) OA detector
PI-35-2 (Olympus-NDT, USA) with NA = 0.25, f = 32 MHz central frequency, Af = 34 MHz frequen-
cy band and F = 12.7 mm focal distance is directed into the center of the optical illumination. The ana-
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log signals from the OA detector are sent through a custom-made AD4817-based |ow-noise amplifier
and custom-made high-pass filter with a 5 MHz cut-off frequency to an analog-to-digital converter
(ADC) based on an N15761 14-bit 250-M S/s adapter with an NI FlexRIO FPGA PX1-7952R (Nationa
Instruments, USA). The digitized signals are then subjected to a Hilbert transform. To estimate the
diffuse reflectance the ADOR technique measures the signals generated by the backscattered photons
at the metalized surface of the PV DF detector (Fig. 1b).
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Fig. 1. The experimental setup for OA/US/ADOR or DOR imaging. (a) Schematic of the experimental setup.
(b) Sketch of the information contained in an A-scan with the sequence of the ADOR, OA, and US signals

To carry out ADOR imaging, the scanning head with the PV DF detector was mounted on two li-
near positioning slides with a maximum travel range of 6.25 mm (Automation Gages, USA), driven by
AM-23-239-3 step motors (Advance Microsystems, USA), inside an immersion chamber filled with
digtilled water (Fig. 18). The movement of the trandation stage was matched to the 10 Hz repetition
rate of the laser pulses. Polyethylene film of thickness 60 pm covered the bottom of the immersion
chamber providing necessary acoustic coupling to the object under investigation.

To redlize the ADOR technique as a third modality for the OA/US system the automation a gorithm
inquired the definition of the scanning range AX=AZ, the scanning step size 6x, the focal length F, the
average speed of sound c, and the average duration of the laser pulse t. Figure 1b schematically
represents the sequence of signals to be registered by the PVDF detector at each of the AX/0x scanning
positions of the opto-acoustic head. The ADOR signal is detected during the time period fromt = 0
(corresponding to the trigger signal from the photodetector) to t = 1. The OA A-scan is detected during
the time period from t = (F-AZ/2)/c to t = (F+AZ/2)/c, and this is then normalized in relation to the
energy of the laser pulse (while OA amplitudes are proportional to laser pulse energy, the laser pulse
energy of Q-switch laser demonstrates some deviations). The US A-scan is detected during the time
period fromt = (2F-AZ)/c to t = (2:F+AZ)/c, and this is then normalized by ADOR signal (while opti-
cally-mediated US amplitudes are proportional to the diffuse reflectance, optical heterogeneities inside
the medium deviate the amount of backscattered photons).

At TPB-2015 conference we will present the results of ADOR imaging of tissue-like phantoms. We
will compare the imaging capabilities of ADOR compare with traditional DOR measurements based
on the detection of backscattered photons using a photodetector. We will also demonstrate the oppor-
tunities of triple-modality imaging, since the ADOR technique can be added as a third modality to our
previously devel oped dual-modality OA/US microscope.
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Despite considerable progress in, and im pressive effectiveness of various non-invasive cancer
treatments such as radiotherapy (RT) and chemotherapy (ChT), the clinical outcomes are somewhat
variable because of the variation in individual patient responses. If some convenient measurements
from specific patients undergoing specific treatments could be made that report on treatment progress
and response, these could be used to select responders from non-responders, alter ‘the doses' for the
remaining treatment, and in general optimize the therapies based on individual treatment feedback.

In this Nizhnyi Novgorod + Toronto collaboration, we are developing the enabling optical cohe-
rence tomography (OCT) imaging technologies and conducting preclinical and selected clinical stu-
dies to come up with quantifiable metrics of tumour and normal tissue responses to a variety of mini-
mally invasive therapies. Specifically, the OCT imaging platform is being expended / refined to ena-
ble multiple modes of operation, including direct structural, polarization-sensitive, angiographic, and
elastographic regimes. These yields unique high-resolution imaging information on tissue cellular
organization, connective tissue compartment, blood microcirculation, and tissue hardness / stiffness,
respectively. The ability of these multiple important and complimentary information channels to
detect treatment-induced changes is investigated preclinically in a series of normal and tumour-bearing
small animals (mice, hamsters) undergoing ChT, RT, and also photodynamic therapy (PDT). A series
of treatment-specific multi-modal OCT response metrics are derived, and then tested in a series of fur-
ther clinical pilot studies of PDT, RT and ChT in the pathologies of oral cavity and skin. Representa
tive project results will be highlighted in this presentation. It is hoped that the multimodal OCT tech-
nologies and treatment response metrics thus developed will help usher in the era of “personalized
cancer medicine” of the 21%century.
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NON-CONTACT INVIVO TIME-DOMAIN DIFFUSE OPTICAL IMAGING
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Abstract. Our novel non-contact system for time-domain functional near-infrared spectroscopy performs
scans of the tissue with a fixed, small (few mm) separation between the illumination and detection spots and a
frame rate of ~1/s. A fast-gated single-photon avalanche diode is utilized to eliminate the intense early part of the
diffusely remitted signal and to detect late photons only that carry information on absorption changes deeply
within the tissue. The system was characterized by a set of phantom measurements. First in vivo tests included
the imaging of haemodynamic changesin the brain during cognitive and motor activation tasks.

Introduction

During twenty years of development of functional near-infrared spectroscopy (fNIRS) of the brain,
numerous approaches and technical solutions have been reported, among them continuous wave (CW)
optical topography and tomography employing multiple sources and detectors or time-domain fNIRS
imaging [1]. While these techniques usually rely on direct contact between fibre-based optodes and the
tissue surface, there is a trend towards non-contact approaches. They alow problems to be avoided
that arise from pressure and unstable coupling between the optodes and the skin. Another advantage of
non-contact approaches is the opportunity to obtain images that contain a much larger number and
more densely spaced measurement positions compared to arrays of multiple optodes.

A specific development for time-resolved diffuse reflectance measurements for the characterization
of deep tissue compartments is the null source-detector separation approach [2] in conjunction with a
single-photon avalanche diode (SPAD) operated in fast-gated mode [3]. By gating off early photons,
late photons that visited deep tissue regions can be recorded with increased signal-to-noise ratio.

The novel non-contact scanning approach described in this contribution combines the following
features, i) non-contact imaging, ii) a dense and flexible grid of measurement positions, iii) depth-
selective detection for depths up to ~2 cm by time-resolved recording. Proof-of-principle tests of our
non-contact method on phantoms were reported in [4]. The implementation of a scanning setup and
first in vivo tests were described in [5].

Here we present an upgraded and optimized scanning setup, its comprehensive characterization and
results of various in-vivo tests.

System architecture

Trains of picosecond pulses (< 100 ps, repetition rate 40.5 MHZz) were provided by a supercontinuum
(SC) laser (Fianium Ltd, UK) equipped with an 8-channel acousto-optical tunable filter (AOTF). The
output beam of the AOTF was directed to the tissue by the mirrors of a 2-axis galvanometer scanner.
Light diffusely reemitted from the tissue passed the scanner again and was imaged onto a multimode
fibre that guided it to the detector. The optical system was designed such that reflections from the tissue
surface aswell as from optical components were suppressed as far as possible.

A second generation compact fast-gated SPAD module (Palitecnico di Milano, Italy) with embed-
ded gating and signal conditioning circuitry [6] was employed for selective detection of late photons.
The gate delay was adjusted by a home-built transmission-line based delay generator with 25 ps steps.
A second parallel detection channel was equipped with a non-gated detector, to additionally record
superficial absorption changes.

Distributions of times of flight of photons (DTOFsS) of the gated and non-gated detectors were re-
corded in each pixel by an imaging TCSPC module (SPC-150, Becker& Hickl, Germany). A GV D-120
scan controller card (Becker& Hickl, Germany) was employed to control the scan as well as the image
acquisition. The parameters were adjusted to cover a scan area of e.g. 4x4 cm? on the tissue with a
32x32 pixel frame size. The frame time was chosen to be 1 s, resulting in a pixel time of ~1 ms. The
wavelength was switched between two wavel ength bands, centred at 760 nm and 860 nm, from line to
line.
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Phantom characterization

The system was characterized by a set of phantom measurements according to the protocols devel-
oped in the “nEUROPY” project [7, 8]. In particular, the responsivity of the detection system [7] was
measured to evaluate and optimize the optical system. To assess the spatia resolution performance,
measurements were carried out on two types of inhomogeneous phantoms [8]. Lateral spatial resolu-
tion and penetration depth were obtained from scans of a liquid turbid phantom based on intralipid and
ink [9] with black cylinders of various sizes immersed [10]. For the assessment of depth selectivity, a
two-layer liquid phantom was employed in which the absorption coefficient was changed in the upper
and lower layer separately.

I n-vivo results

We performed several in vivo experiments on healthy adult subjects executing specific exercises to
activate regions in the brain, inducing local changes in oxy- and deoxyhaemoglobin concentrations.
The data processing was based on a time-window analysis within the late-photon part of the DTOF
that was selected by the fast-gated detector. The concentration changes of oxygenated and deoxygen-
ated haemoglobin in each pixel were estimated on the basis of the time-resolved (or microscopic)
Beer-Lambert law.

In particular, the haemodynamic response to brain activation by various cognitive and motor stimu-
lation paradigms was recorded. For the motor stimulation paradigm (20 trials of 32 s of finger tapping
followed by 32 s of rest), a clearly localized cerebral response, with an increase of oxy- and decrease
of deoxyhaemoglobin concentrations, was found in the block-averaged signals.

These tests demonstrated the successful non-contact imaging of haemoglobin concentration
changes in deep tissues. Although its applicability is restricted to hairless parts of the body, the non-
contact scanning approach may be advantageous for a number of applications where high density
functional optical mapping of deep tissues is required or helpful. Examples are the localization of
functional activation in the prefrontal cortex, the study of peripheral vascular pathologies or intraop-
erative monitoring.
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Abstract. We propose a novel OCT-based method for visualizing microvasculature in 3D using reference-
free processing of individual complex-valued B-scans with highly overlapped A-scans. In the lateral direction of
such a B-scan, the amplitude and phase of speckles corresponding to vessel regions exhibit faster variability, and
thus can be detected without comparison with other B-scans recorded in the same plane. This method combines
elements of several existing OCT angiographic approaches, and exhibits: (i) enhanced robustness with respect to
bulk tissue motion with frequencies up to tens of Hz; (ii) resolution of microcirculation images equal to that of
structural images and (iii) possibility of quantifying the vesselsin terms of their decorrelation rates.

The need for increased information content in optical coherence tomography (OCT) of biological
tissues has been exemplified by recent efforts to complement conventional structural images with ad-
ditional contrast mechanisms [1, 2]. One of them is contrast-agent free microangiographic imaging in
OCT, in which the own motion of scattering particles in the blood is used as a contrast mechanism to
discriminate the blood in the vessels and surrounding “rigid” tissue [3—17]. The known approaches can
roughly be divided into two main groups. One group uses the Doppler frequency shift of the OCT sig-
nal scattered by moving blood particlesin the vessels (e.g. [3, 5, 10]). Usually comparison of phases of
consequently obtained one-dimensional A-scans is used to estimate the Doppler shift. The main advan-
tage of this approach is the possibility to quantitatively assess the axial component of the blood-flow ve-
lacity. Another popular group of methods is usually called speckle-variance (Sv) approach and is based
on the estimate of speckle variance for severa (usually 4-8) two-dimensional B-scans consequently ob-
tained at the same position. The main advantage of this method isits sensitivity to motion of scatterersin
the direction orthogonal to the optical beam, because this motion al so causes speckle variations.
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Fig. 1. Principle of operation of the MMLSV approach: (a) — A stack of dense B-scans with strongly overlapped
A-scans; (b) —asingle B-scan before and after equalization of average phases of neighboring A-scans; (c) — spa-
tial spectrum of a single horizontal array of pixels in a dense B-scan, where low-frequency components corres-
pond to slowly varying motionless scatterers. (d) — experimental B-scan fragment with encircled region of rapid-
ly varying speckles corresponding to a vessel cross-section (top) and a schematic B-scan with speckles slowly
and rapidly varying in the horizontal direction (bottom); (e) — same as (d), but after high-pass filtering (only ves-
sels cross-sections are now visible); (f) shows an photo of a mouse dorsal window chamber and an example of
en-face depth-encoded view of a 2mm x 2mm (lateral) 0-0.6 mm (depth) region of the detected mouse micro-
vasculature
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Since both approaches use motion of scatterers as a contrast mechanism, natural bulk motions
(clutter) of living tissues may significantly degrade the flow-reconstruction quality. We propose an
approach that can be considered as a hybrid one, based of reference-free processing of individua B-
scans with densely overlapped A-scans (i.e., M-mode like). The use of full complex-valued signal
combines some features of phase-resolved Doppler methods and Sv-approach (although here the
speckle variability is assessed within a group of A-scans in individua B-scans). Aligning of average
phases of A-scansis helpful for suppression of clutter motion asis schematicaly shownin Fig. 1. Sin-
gling out the moving scatterers in vessels is then made by applying high-pass filtering of the so-
obtained B-scans in the lateral direction. After obtaining a stack of such B-scans with retained vessal
cross-sections, en-face projection of the micro-vessels in the inspected volume can be made as illu-
strated in Fig. 2.

Fig. 2. An example of en-face maximum-intensity projection microangiographic image 2x2mm in size ob-
tained using the proposed method in the region of tumor inoculated at an ear of a Bulb-C mouse

Although the tradeoff for the better tolerance to clutter motions is noticeable increase in total scan-
ning time compared with inter-B-scan Sv/Cm methods [11, 12]), in many cases robustness to bulk mo-
tion artefacts may be more important, and thus longer total imaging time quite acceptable. Besides,
quantification of blood vessels in terms of faster/slower decorrelations is aso naturaly enabled
through the user-sel ected cut-off frequency of the high-pass filtering, and may be linked to physiologi-
cally important dynamic variables such as flow velocity and perfusion. In more detail the features of
the proposed method are discussed in [18].

The study was supported by the RFBR grant No 15-42-02513. The experiments with the animals
were performed in the OCT Lab of the Nizhny Novgorod State Medical Academy (under Russian Fed-
eration Government contract No. 14.B25.31.0015).
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SYNTHESISAND OPTICAL PROPERTIES OF NANOSTRUCTURES
«PLASMON CORE-SEMICONDUCTOR SHELL »
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Academician E.A. Buketov Karaganda State University, Karaganda, Kazakhstan
a d_afanasyev@mail.ru

Abstract. The results of the synthesis of nanostructures «Ag-TiO,» are presented. Optical properties and
stability of silver nanoparticles were studied in various solvents. The dimensions and shape of the nanostructures
«Ag-TiO»» was determined. Absorption and fluorescence spectra were measured. The weight ratio between the
core and shell were evaluated from absorption spectra. Practical yield was defined for the synthesis of the core-
shell nanoparticles.

At present, the availability of the use of metal nanoparticles having localized plasmon resonance
(PR) in photovoltaics, biophotonics and biomedicine is not doubt. There are many works in this scien-
tific direction. However, the use of plasmonic nanoparticles with semiconductor or dielectric shell is
more promising in practical application [1]. Using of shell helpsto protect plasmon core from the neg-
ative impact of the external environment. As well the change of the frequency and intensity of PR
could be done by changing of geometric dimensions of the shell.

The results of the synthesis of nanoparticles (NPs) with the semiconductors shell of titanium dio-
xide (TiO,) are presented in this paper. Microstructure of NPs and their optical properties was investi-
gated.

Initially, the synthesis of silver NPs was made. Silver NPs were used as plasmonic core. AgNO;
salt was used for the synthesis of stable nanoparticles. Ethylene glycol was used as solvent. Poly-N-
vinylpyrrolidone with different molecular weights was added to the solution to prevent coagulation of
the silver NPs. The absorption band of silver NPs observed in the absorption spectra of solutions was
associated with PR. Formation of silver NPs of various sizes depends on the molecular weight of the
polymer. Repeatability of results was observed if all conditions of synthesis were maintained. Addi-
tionally, the stability of polymer-sealing silver NPs was investigated.

Silver NPs were transferred from ethylene glycol to ethanol before the synthesis of semiconductor
membranes. Titanium tetraisopropoxide (Ti{ OCH (CHa),} 4 in acoholic solution was added in Ag NPs
solution to obtain semiconductor shell of titanium dioxide. The size and shape of the obtained core-
shell nanoparticles (C-S) were measured by laser dynamic light scattering and electron microscopy. It
was shown that the weight of the synthesized shell increases with increasing of concentration of titania
precursor. Absorption and fluorescence spectra of ethanol solutions of C-S nanoparticles were meas-
ured. The weight ratio of the silver core and the shell of the titanium dioxide were found from the ab-
sorption spectra. Chemical composition of particles C-S was determined by energy dispersive me-
thods. Practical yield that was determined for the synthesized C-S nanoparticles was equal to 72% of
the original mass of the reactants used.

Nanoparticles «titanium semiconductors core-silver shell» have been synthesized in order to con-
trol the spectral characteristics of PR in nanostructures based on silver and titanium dioxide. We
measured the absorption spectra of nanoparticles. For these NPs low-frequency shift of the maximum
of PR band was observed in comparison with silver NPs.
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Abstract. Upconverting nanoparticles (UCNPs) is a novel class of contrast agent for bioimagng. These na-
noparticles can emit anti-Stokes shifted light, which tremendously improves the contrast of the signal by enabl-
ing autofluorescence free detection. In addition, owing to the quadratic power dependence of the UCNPs, we
have also shown that the reconstructions are more sharply defined compared with the reconstructions of a linear
fluorophore. In this presentation we will present how we can reach deeper into tissue by employing pulsed light
excitation, by codoping the UCNPs to shift the excitation wavelength from the water absorption region and by
efficiently suppressing scattered excitation light.

I ntroduction

During the last decade upconverting nanoparticles (UCNPS) have gained an increasing interest in
the field of bioimaging in diverse applications, such as e.g. photodynamic therapy (PDT) [1, 2],
multimodality imaging [3], diffuse optical imaging [4-8], and microscopy [9-12]. Upcoverting
nanoparticles are usually rare-earth-metal-based luminescent contrast agents. They provide
an anti-Stokes shifted light emission upon near infrared excitation. They are generally composed of
acrystal host material doped with two types of rare-earth ions, one serving as sensitizer to absorb exci-
tation energy and the other as activator to accept energy from the sensitizer and generate emission.
The higher energy upconverted emission is achieved by summing up the excitation energy
through step-wise energy transfer between the sensitizer and activator. The upconvertion process the-
reby provides asignal at shorter wavelength than the excitation light. This feature makesit possible to
fully suppress any superimposed tissue autofluorescence in the detection of the signal, as the
signal and autofluorescence are completely spectrally separated [8]. Thisis a very important advantage
for deep tissue imaging, as the signals from UCNP-labeled tissue then are highly attenuated
by the tissue. Such weak signals would with imaging of conventional fluorophores quickly be domi-
nated even by relatively weak autofluorescence from superficial tissue regions, experiencing much
lower attenuation being so much closer to the detection at the surface. Tissue autofluorescence
isin this way limiting the usefulness of deep tissue fluorescence imaging with conventional chromo-
phores. Instead many whole-body imaging protocols are today based on bioluminescence imaging,
providing a much weaker signal, but totally background-free [13]. Bioluminescence may, for this rea-
son, provide more robust interpretation of the signals, and is thereby in many applications beneficial,
even though the image acquisition requires long exposure times and genetically modifies cell lines to
work.

Results

Pulsed light provides a more efficient excitation. This is because the non-linear behavior when sev-
eral photons are required for the stepwise excitation. As the excitation is stepwise, one photon
at atime, one has to consider the lifetimes of the various involved energy levels. We have conducted
studies to clarify what pulse length is optimal and how much can be gained by pulsing the excitation
[14, 15].

The most efficient UCNPs for tissue imaging has been NaYF;:Yb,Tm. They can be excited at
975 nm with an emission wavelength of 800 nm. Both these wavelengths fall into the optical window
for tissue, alowing deep tissue imaging. However, 975 nm is not ideal from a tissue perspective, as
water has a relatively high absorption at this wavelength. Thus co-doping the UCNPs with Nd-ions
can be used, providing a possibility to excite the particles dightly above 800 nm. In this case Tmis
replaced by Er, yielding an emission at 650 nm. Thisimproves the possibilities for deep tissue imaging
asisillustrated in Fig. 1 from atissue phantom study.
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Fig. 1. Two recordings of light emitted from a thin rod with UCNPs located at various depths inside an
18 mm thick flat tissue phantom. Measurements were conducted in transmission geometry. It can be
clearly seen that the Nd-codoped UCNPs provide a stronger signal deeper inside the tissue phantom.
Thisisan effect of the lower absorption of the excitation light at 808 nm as compared to at 975 nm
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Abstract. TCSPC FLIM is based on scanning a sample with a focused laser beam, detecting single fluores-
cence photons, and building up a photon distribution over the times of the photons after the excitation pulse and
the coordinates of the scan. Main applications are measurements of molecular environment parameters, FRET
experiments, and metabolic imaging via the autofluorescence of endogenous fluorophores. TCSPC FLIM can be
extended by including additional parameters of the photons in the photon distributions. These techniques record
multi-wavelength FLIM, Z-stack FLIM, combined FLIM/PLIM, and FLIM data showing fast transient effectsin
the fluorescence behaviour of a sample.

Requirementsto FLIM in Biology

A fluorescence lifetime imaging (FLIM) technique for application in biology has to combine near-
ideal photon efficiency, recording of the full fluorescence decay profilesin the pixels, and suppression
of lateraly and longitudinally scattered and out-of-focus excited fluorescence light. Moreover, it
should be possible to record physiologica effects induced in the sample by external stimulation. In
any case, artefacts in the recorded decay profiles by physiological changes during the acquisition time
should be avoided.

FLIM Technique

We will show that the combination of multi-dimensional time-correlated single photon counting
(TCSPC) with confocal or two-photon laser scanning meets these requirements almost ideally. Multi-
dimensional TCSPC differs from classic TCSPC in that the photon density is not only recorded over
the time in the fluorescence decay but also over additional parameters. For FLIM, the sample is repeti-
tively scanned by a high-repetition rate pulsed laser beam, single photons of the fluorescence signal
are detected, and 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, see Fig. 1. The photon distribution can be interpreted as an
array of pixels, each containing a full fluorescence decay curve in alarge number of time channels[1,
2]. Theresult isindependent of the scan rate. The signal-to-noise ratio depends only on the total acqui-
sition time and the avail able photon rate.
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Fig. 1. Principle of TCSPC FLIM
Applications

The main applications of TCSPC FLIM in biological and biomedical imaging are measurements of
molecular environment parameters, protein-interaction experiments by FRET, and imaging of the me-
tabolic state of cells and tissue via the autofluorescence of endogenous fluorophores. These applica
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tions make use of the fact that the fluorescence lifetime is (within reasonable limits) independent of
the fluorophore concentration. Absolute values of ion concentrations, ph, viscosity, or other local envi-
ronment parameters can therefore be obtained without the need of special ratiometric dyes [1]. In
FRET experiments, FRET efficiencies are obtained from a single lifetime image of the donor, and in-
teracting and non-interacting donor fractions can be distinguished. Autofluorescence FLIM not only
digtinguishes different tissue constituents but also yields information on the bound/unbound ration of
NADH. Examples are shown in Fig. 2 and Fig. 3.
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Fig. 2. Left: Cat++ concentration in abarley root (left) recorded viathe lifetime of Oregon Green.
Right: FRET measurement, interacting proteinsin cell membrane
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Fig. 3. Autofluorescence FLIM of PIG skin, 2p excitation.
Left: Emission < 460 nm, colour shows fraction of SHG from collagen.
Right: Emission > 480 nm, colour shows fluorescence lifetime

Advanced Techniques

The recording process can be extended by including additional dimensions in the photon distribu-
tion. These can be the depth of the focus in the sample, the wavelength of the photons, the time after a
stimulation of the sample, or the time within the period of an additional modulation of the laser. These
advanced techniques can be used to record Z stacks or lateral mosaics of FLIM images [3], multi-
wavelength FLIM images [2], images of physiologica effects occurring in the sample [1, 2], or to si-
multaneoudly record fluorescence and phosphorescence lifetime images [2, 5].
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Abstract The physical-chemical properties of nanodiamond (ND) and low toxicity suitable for theranostic
applications are discussed with models of microorganism and zebra fish embryo. A rapid, sensitive and repro-
ducible zebra fish embryo model developed for safety evaluation of ND-based nano-carrier or nano-label, in-
cluding anti-cancer drug delivery systemsis discussed.

Nanodiamond (ND) has been demonstrated to be very promising for bio-imaging, drug delivery,
and other bio/medical applications, owing to its superb properties such as biocompatibility, fluores-
cence and Raman signals for spectroscopic detection and for drug delivery [1]. Much of the cellular
models have been successfully developed. Here we take and microorganisms and small-sized animal
(zebrafish) as our focus to discuss the possible theranostic applications of nanodiamond.

The biocompatibility and bio labeling of ND are demonstrated via the interaction with microorgan-
isms, protists microorganisms Paramecium caudatum and Tetrahymena thermophile, in vitro and in
vivo. The processes of ND engulfment by P. caudatum and T. thermophile with localization in food
vacuoles and followed excretion are observed using ND spectroscopic properties opens further facili-
ties for controlled engulfment and extraction via varying ND size, surface properties and surface coat-
ing, as well as integration with unicellular organisms; and correspondingly, opens new opportunities
for the ND bio applications.

Establishing a relatively simple, reliant and cost-effective animal test will greatly facilitate the re-
search for nano-drug- delivery development. A rapid, sensitive and reproducible zebra fish embryo
model for in vivo toxicity test was designed. We optimize the conditions for the animal model and
analyze the zebrafish embryo development in the presence of ND. ND is observed in the embryo in
vivo using laser confocal fluorescence microscopy. Using the zebrafish model for a safety evaluation
of ND-based nano-carrier or nano-labd is discussed. This model is expected to be applicable for other
nanoparticle systems. As an example, anti-cancer drug (doxorubicin, DOX) was conjugated to ND via
human serum albumin (HAS). The ND-HSA-DOX complex was tested in for the drug delivery func-
tionality.
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Abstract. Nanomedicine is a pluridisciplinary research domain highly stimulating progress in technology,
methodology and fundamental science. Indeed, multiple challenges of nanomedicine development can be more
efficiently taken up with help of optical spectroscopy and microscopy approaches since they allow for direct
non-invasive analysis of biological systems. Fluorescence emission-based approaches are widely used in bio-
medical research. More recent, but very promising techniques like surface-enhanced Raman scattering (SERS)
are currently winning a place of merit in bio-analytical and diagnostic protocols. Although fluorescence emission
is often seen as a process concurrent to conventional Raman scattering, SERS and in particular SERRS (SERS
with resonant excitation) can be advantageously used in combination with fluorescence. We will present here
several examples of complementary use of fluorescence and of surface-enhanced Raman spectrosocopy in the
research activity of our team focused on development of nanosystems for anticancer drug delivery and for cancer
cell detection/imaging.

Novel biocompatible nanosystems rationally designed for theranosis (therapy and diagnosis) of
cancers [1, 2] are developed and studied in our laboratory. Fluorescence- and SERS-based appoaches
are strongly present in our research. Thisis due to the potential of these techniques able to selectively
provide molecularly specific information in complex media. In the present talk, we will illustrate sev-
era applications of fluorescence and SERS and SERRS: physico-chemical characterization of nano-
medicines [3, 4], study of drug loading/release in/from nanomedicines in suspension [4-6], nanomedi-
cines internalization and drug delivery in live cancer cells [7, 8]. On the other hand, we will discuss
about a coupling of these techniques in frame of multimodal biomedical imaging as a part of cancer
theranosis[9].
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Abstract. Gold nanoparticles are widely used in different biomedical areas. This presentation is focused on
the challenge associated with applying nanoparticles for laser treatment of cancer cells. The first section of the
study is devoted to penetration gold nanorods into cells. The influence of the stabilizing agents on the internali-
zation efficiency is considered. The effect of laser irradiation of cells with gold nanorods is examined in the
second part. Comparison of cells viability after treatment by continuous wave laser isinvestigated.

Using gold nanoparticles for laser treatment of cancer cellsis a perspective and actual area. Among
a huge set of the nanoparticles synthesized nowadays, the rod-shaped gold nanoparticles are of great
interest. Nanorods have plasmon resonant peak in “tissue optical window”. Moreover they are proved
to convert electromagnetic energy of incident light into thermal energy much better compared to na-
nospheres [1]. On the other hand, nanorods are known to penetrate into cells 3-5 times worse than
spherical nanoparticles of the same size [2].

The performed research is devoted to study the interaction of the gold nanorods stabilized by bio-
compatible agents with cancer cells. Another goal is assessment of the laser irradiation effects of can-
cer cellswith nanoparticles.

The work was carried out on human ovarian adenocarcinoma SKOV -3 cells. The gold nanorods
(Sigma Aldrich, USA) used in this work have a plasmon resonance peak at 808 nm. The nanoparticles
were stabilized by Pluronic F127, chitosan or polyethylene glycol with 6 kDa and 40 kDa molecular
weight. Gold nanoparticles penetration was investigated by the transmission electron microscopy
(TEM) and two-photon luminescence microscopy (TPL) techniques. To study cell viability after laser
irradiation a continuous wave laser with 810 nm wavelength was used. The cells viability was esti-
mated by MTT.

TPL microscopy showed that the nanoparticles stabilized by chitosan penetrated into cells the
most efficiently (fig. 1). There were more luminescent objects in cells compared to the nanoparticles
stabilized by other agents. The nanoparticles stabilized by PEG 40 kDa penetrated into cells less effi-
ciently than chitosan stabilized particles. The nanoparticles stabilized by PEG 6 kDa and Pluronic
F127 penetrated worse than those stabilized by other agents. The least amount of luminescent objects
in cells was recorded in these nanoparticles. All nanorods solutions under study appear to have some
common features. The amount of luminescent objects in cells grew with the increase of the incubation
time. Based on the microphotographs obtained by TEM, the nanoparticles found in cells were divided
into three types: single nanoparticles, large clusters and aggregates. Large clusters of nanoparticles
represent groups of a large number of single nanorods located closely to each other. Aggregates are
groups of closely packed nanoparticles, inside which single nanoparticles are impossible to separate. It
is significant that single nanoparticles were found in cells less frequently than large clusters of nano-
particles or aggregates. Nanoparticles in cells were registered either free, or surrounded by membrane
structures. The presence of a membrane was typical for aggregates and large clusters of nanoparticles.
After one-hour incubation the amount of the nanoparticles stabilized by PEG 6 kDa and 40 kDa, in
cells was higher compared to those stabilized by other agents. The increase of the incubation time was
accompanied with the growing number of single nanorods. The number of aggregatesin cells also in-
creased. The nanoparticles stabilized by chitosan after one-hour incubation were presented in cells
generaly as aggregates. After 3 h the quantity of single nanoparticles and large clusters did not
change, and the number of aggregates doubled. The time increase up to 6 h led to further growth of a
number of aggregates. The nanoparticles stabilized by Pluronic F127 penetrated into cells less effi-
ciently. Single nanorods and large clusters of nanoparticles were found even after 6 h incubation. To
confirm that endocytosis promotes the penetration of nanoparticles into cells, the cells with nanopar-
ticles were incubated for 3 h at low temperature (+4°C). The TPL microscopy analysis revealed no
luminescent objects in cells. This regularity similar behavior was observed for the nanoparticles stabi-
lized by al studied agents. However, the TEM found single aggregates and large clusters of the nano-
particles stabilized by Pluronic F127 and chitosan. PEG-stabilized nanoparticles showed the greatest
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efficiency of penetration into cells at low temperature. It is significant that all aggregates and large
clusters of nanoparticles found in cells had no surrounding membrane structures.

a b c
d e

Fig. 1. Two-photon luminescent microscopy of the control cells (a) and cellsincubated 3 h
with the nanoparticles stabilized by Pluronic F127 (b), chitosan (c), PEG 6 kDa (d), PEG 40 kDa (€)

We aso studied viability of cells with the nanoparticles after laser irradiation. MTT-assay showed
that the continuous wave laser irradiation of cells without nanoparticles changed their viability insigni-
ficantly. Treatment of cells after 6 h incubation with nanorods led to decrease of amount of alive cells
depending on stabilizing agents. It should be noted that viability of cells incubated with chitosan-
stabilized nanorods decreased by 15% after irradiation at 10 W/crP. In contrast treatment of cells after
incubation with PEG 6 kDa had stimulating effect. In the case of Pluronic and PEG 40 kDa stabilized
nanorods laser irradiation provided no effect on cells viability.

In summary, we have shown that chitosan-stabilized nanoparticles penetrate efficiently at long-
term period of incubation. Penetration of these nanoparticles is associated with endocytosis. PEG-
stabilized nanoparticles penetrate well at early periods of incubation (up to 3 h) including low-
temperature conditions. Laser irradiation of cells after incubation with nanorods does not lead to sig-
nificant decrease of cells viability. Therefore, the next stage of our research will be focused on imple-
mentation of pulsed laser for cell irradiation.
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Abstract. Results of development of single particle Forster resonance energy transfer (SoFRET) microscopy
approach to study structural reorganization of DNA in nucleosomes is presented. Design of mononucleosomal
particles that are assembled from core histones and short DNA labeled with Cy3 and Cy5 fluorophores is dis-
cussed. Experimental setup for the measurements and analysis of freely diffusing single particles is described.
Mononucleosomal particles are shown to be very useful to study various aspects of nucleosome interactions with
different proteinsincluding histone H1, chromatin remodelers and RNA polymerase (RNAP).

Mononucleosomal particles that are assembled from core histones and short DNA are simple but
very useful experimental system to study many aspects of nucleosome interactions with different pro-
teinsincluding histone H1, chromatin remodelers and RNA polymerase (RNAP). Last achievementsin
fluorescent microscopy allows one to complement biochemical and molecular biology approaches
with analysis of single nucleosomes and their complexes on the basis of Forster resonance energy
transfer (FRET) effect, the technique known as single particle FRET (spFRET) microscopy. FRET
efficiency is sendtive to a distance between two responsive fluorophores, donor and acceptor, in the
range of 3-9 nm that is well consistent with a nucleosome size (ca. 10 nm). Single particle analysis
facilitates the study of complex heterogeneous systems allowing recognition and separate characteriza-
tion of structurally different subpopulations of nucleosomes and their complexes. Large sampling of
measured particles provides statistically proved conclusions.

To measure fluorescence from a single molecular emitter, microscopes with high light transmission
and sengitivity are required which are equipped with advanced low noise detectors such as avalanche
photodiodes or EM CCD camera. In order to use an optical microscopy having spatial resolution of ca.
200 nm for investigation of single nucleosomes, these particles should be isolated in space or in time.
In solution, it can be achieved by manifold dilution of nucleosomes and application of a confocal
scheme of spatia signal filtration. Nucleosomes diffuse in solution and pass accidentally through the
focus of the laser beam. During each given time interval only one nucleosome is in the focus. Fluores-
cence of Cy3 and Cy5 coming from afoca volume (ca. 1 femtoliter) is measured, and FRET efficien-
cy is calculated. Up to 10* nucleosomes can be analyzed in this way during 10 minutes of a measure-
ment.

For spFRET microscopy studies of nucleosome complexes with histone H1, mononucleosomes
were constructed from core histones and DNA containing a strong 603 nucleosome-positioning se-
quence with solution-exposed 30-bp DNA linkers. These linkers were labeled with Cy3 and Cy5 fluo-
rophores (one on each linker) (Fig. 1 A). Three variants of labeling were realized with different ex-
pected distances between Cy3 and Cy5. The labeled nucleosomes are characterized with low or very
low FRET efficiency depending on relative positions of Cy3 and Cy5 in the linkers. A considerable
increase in FRET efficiency manifests formation of complexes with histone H1 and helps to character-
ize equilibrium between two subpopulations, free nucleosomes and complexes with H1. This experi-
mental system is demonstrated to be very convenient for comparative studies of nucleosome interac-
tions with different variants of histone H1 and can be applicable for investigation of remodelers affect-
ing interactions of H1 or conformation of linkers.

For investigation of a nucleosome structure during transcription with RNAP, nucleosomes were
assembled from core histones and short DNA (603 sequence template) containing the T7A1 promoter.
Cy3 and Cy5 were introduced in the non-transcribing DNA chain in order to provide contiguity of la-
beles in the neighboring coils of nucleosome DNA (Fig. 1 B). Three variants of labeling were realized:
(i) close to the promoter-proximal boundary of a hucleosome; (i) in the median part of a nucleosome;
(iii) close to the promoter-distal boundary of a nucleosome. Up to 80-90% of the labeled nucleosomes
(any variant of labeling) adopt a native conformation with high FRET between Cy3 and Cy5. Such
labeling allows DNA structure reorganization to be monitored as changes in FRET efficiency in three
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regions of a nucleosome. Labeled nucleosomes were shown to support transcription with RNAP. We
present the results of comparison of structura organization of DNA in nucleosomes before and after
transcription as well as in some elongation complexes obtained by stalling RNAP in distinct positions
on the nucleosoma DNA during transcription (Fig. 1 B). Apart from the analysis of elongation com-
plexes, these variants of labeled nucleosomes can be used to study effects of different remodelers on a
nucleosome structure and transcription with RNAP.

Histone core

DNA matrix  Cy3_{%2men)

Fig. 1. Structures of labeled mononucleosomes that are used for investigation of complexes
with histone H1 (A) and elongation complexes with RNAP (B) by spFRET microscopy
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Abstract. We are presenting the results of transcutaneous delivery of upconversion particles (UPs) and Ca-
COs-particles doped with the different contrast agents. Fractional laser microablation of skin was provided for
effective delivery of the particles to the depth about 300 um. For monitoring of particle localization during two
weeks, optical coherence tomography, reflectance spectroscopy, fluorescence spectroscopy of skin in vivo, lumi-
nescence of UPsin skin, and light microscopy of histological specimens were used. For enhancement of the par-
ticle visualization, tissue optical clearing method was applied. Results have shown that the particles may be mo-
nitored in the dermis with different optical techniques during 8 days.

Introduction

Fractional laser microablation (FLMA) is one of the relatively safe and effective method used to
administer micro- and nanoparticlesinto the skin at sufficiently large depth in comparison with surface
ablation and mechanical treatments because of the low area of skin damage and, therefore, reduced
risk of infection [1, 2]. We are presenting results on transcutaneous delivery of composite micropar-
ticles (Y,03:YDb, Er, CaCO;z-Fe,0; and CaCO5-ZnCdS) in vivo using the FLMA of the skin surface
with the view of developing areliable and reproducible method of particle delivery in the tissue.

M ethods and materials

For transcutaneous delivery we used upconversion particles (UPs) Y,03:Yb, Er [3] and CaCOs-
particles doped with nanoparticles Fe,O; or ZnCdS. The UP average size was about 1.6 um. The Ca-
CO; particle average size was about 2 um. The suspensions of powder in water with concentration 0.5
o/mL were used.

Fractional laser microablation of skin was provided by a system based on a pulsed Er:YAG laser
with the following parameters. the wavelength 2940 nm, the pulse energy 3.0 J, the pulse duration
15ms. 64 vertical micro-channels were created in the skin in the area with the dimensions of 8x8 mn.
For delivery of the particles mechanical massage or sonophoresis with a low-frequency therapeutical
ultrasound during 2 min was used. In vivo rat skin was studied.

For monitoring of the treated skin sites during two weeks, the following optical methods were
used: optical coherence tomography (OCT) (~930 nm), reflectance spectroscopy (400-2000 nm), fluo-
rescent spectroscopy of skin in vivo (under excitation at 405 nm for visualization of CaCOs-ZnCdS),
luminescence of UPs in the range 640-690 nm under excitation at 980 nm, and light microscopy of
histological specimens stained with hematoxylin and eosine. Skin optical clearing with Omni-
pague during 30 min was used for enhanced visualization of UP |luminescence.

Results and Conclusion

Images of histological sections of the studied skin sites are presented in Figure 1. Areas of particle
localization are marked with arrows. Staining has allowed enhancing the image contrast of skin with
CaCOs;-Fe,0; particles (c).

Figure 2 show OCT images of rat skin in vivo just after FLMA (a) and particle delivery (b—d). All
studied particles filling the channels were visualized with a good contrast. CaCOs-Fe;O5 (c), and Ca
COs-ZnCdS (d) microparticles created the reflecting screen on the skin surface and in the channel. So-
nophoresis allowed increasing the depth of the particle penetration and better filling of the channels.
Contrast of OCT-visualization of the particlesinside skin was saved during 3-4 days.
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Fig. 1. Histological sections of rat skinin vivo after FLMA (a) and
particle delivery: (b) UPs with sonophoresis, (¢) CaCOs-Fe,0;, and (d) CaCOs-ZnCdS with massage (x246.4)

C

Fig. 2. OCT images of rat skin in vivo after FLMA (a) and particle delivery: (b) UPs with sonophoresis,
(c) CaCOs-Fe,0s, and (d) CaCO3-ZnCdS with massage

UP luminescence peaks was observed for 8 days with a gradual decrease in the intensity. Optical
clearing allowed for increasing the level of the signal up to 1.3 folds. A fluorescence peak of CaCOs-
ZnCdS particles on the background of skin autofluorescence was observed for 5 days with a gradual
decrease in the intengity.

Reflectance spectroscopy was used for monitoring of skin physiological reaction on FLMA and de-
livered particles. The intensity of reflectance spectrum in the range 400-650 nm is related to skin ery-
thema development. For longer wavelengths (900—2000 nm), reflectance is sensitive to water content
in skin tissues, i.e. characterizes skin edema. Analysis of the spectra has shown decreasing of skin ery-
thema and edema in two days after FLMA for control group (FLMA aone) and for treated groups
(FLMA+particles) as well. Thus, the studied particles at used concentrations do not have noticeable
additional inflammatory effect on the skin.

Fractional laser microablation was used for enhancement of transcutaneous delivery of different
composite particles. For monitoring of the particle delivery and localization inside rat skin in vivo dur-
ing two weeks, optical coherence tomography, luminescent/fluorescent spectroscopy, and light micro-
scopy of histological specimens were used. Results have shown that the particles may be seen in der-
mis during 5-8 days. Reflectance spectroscopy can be used for evaluation of skin physiological reac-
tion on FLMA injury and particle presence.
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IMAGING OF INTRACELLULAR ION CONCENTRATION
BY FLUORESCENCE LIFETIME IMAGING (FLIM) INLIVING CELLS
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Abstract. The use of fluorescence microscopy for the determination of the intracellular concentration of
physiologically relevant ionsis a valuable and well-established tool in cell biology. Commonly, it is based on the
read out of fluorescence intensity, which, however, does not allow to obtain absolute concentration values, but
specially designed ratiometric sensors are required. Alternatively, fluorescent sensors with a fluorescence life-
time contrast can be used. In this contribution the principles of fluorescence lifetime imaging will be presented
together with examples of organic dyes or genetically encoded fluorescent sensors of pH, Ca®* and CI™ and their
applicationsin living cells and tissue.

I ntroduction

The concentration of ions in compartments, organelles, and the cytosol of mammalian cells is a
fundamental parameter for cell physiology setting affecting most biochemical reactions of life and
many other vital processes like intra- and intercellular signal transduction or enzyme reactivity. In the
past decades a multitude of analytical and microscopical fluorescence techniques have been devel oped
allowing — in conjunction with the in-parallel designed fluorescent sensors — the non-invasive deter-
mination of ion concentrations in living cells, tissue and even organisms (bacteria, plants, animals).
One method especialy well-suited for quantitative measurements is fluorescence lifetime imaging,
since the fluorescence lifetime does not depend on the concentration of the fluorescent sensor or the
excitation intensity. This contribution contains the basics of the method, characterization of fluores-
cent ion sensors and their application in studies on living cells and tissues

Fluorescence Lifetime Imaging

The fluorescence lifetime of fluorescent molecule can be determined in three different ways— 1. by
direct, fast time-gated detection, 2. by intensity modulation of a cw laser and comparison of the fre-
quency of excitation and fluorescence signal and 3. by time corrdated single photon counting
(TCSPC) [1]. The latter method gives the most precise lifetime results — especialy for non-
monoexponential fluorescence decays, which is aimost exclusively found for fluorophoresin cellular
environment —and TCSPC is also applied in my lab [2]. The excitation source is a pulsed laser (fs-ps)
with high repetition rate (MHZz) — here a Ti:Sapphire laser emitting near-infrared light used for two-
photon excitation. The detector (photomultiplier, Avalanche photodiode or a hybrid detector) worksin
single photon counting mode and registers at most one photon per excitation pulse. In practice the de-
tection rates are 20 to 1000 times lower than the excitation rates. Special dectronics allows the precise
determination of the temporal distance between the excitation pulse and the photon registration event.
Repeated excitation and registration alows to build up the photon arrival histogram which can be ana-
lyzed — most commonly by a sum of exponential functions. Such fluorescence intensity decay is
measured at every pixel of the fluorescence image of the sample realized by scanning the focused ex-
citation laser across the sample. Two-photon excitation has the advantage of an intrinsic three-
dimensional imaging capability, alower phototoxicity and the possibility to image deep into biological
tissue (200 wm and more).

Fluor escent biosensors

Fluorescent organic molecules often show a pH-dependence of their fluorescence properties includ-
ing the fluorescence lifetime, but other ions, like Na*, K*, Ca?* or CI", do not. Instead, specially devel-
oped and synthesized derivatives of fluorophores (e.g. addition ion-binding groups that change the
fluorescence properties upon binding or molecular extensions making the organic molecules cell
membrane permeable) are used. A second class of fluorescent ion sensors based on fluorescent pro-
teins (FPs, Green Fluorescent Protein (GFP) and such) is extremely powerful because of the simple
ways to express and target them in biological cells and tissue. Also FPs often show pH-dependent
fluorescence properties, but they are mostly indifferent to other ions. Fusing ion-sensitive protein do-
mains to special conformational sensitive fluorescent proteins or design sensor based on Forster Re-
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sonance Energy Transfer enables the creation of FP-based sensors for other ions. Development, mod-

ificat

ion and photophysical characterization of both types of fluorescent sensors in solution and cellu-

lar environment isacrucial task inion imaging [3-6].

Intracellular ion concentration imaging with FLIM in living cells and tissue

Intracellular ion imaging by fluorescence microscopy has been successfully performed by the au-
thor’s lab for pH [7], Ca®* [7-9] and CI" [2, 10-12]. An overview of the different results in primary

cells,

cell-culture cells as well as in neuronal tissue will be given in this contribution. An example —

the FLIM-image of an acute mouse retina slice stained with the Cl™-sensitive dye MQAE [13] is shown
in Figure 1. The boxed area shows a zoom into the INL layer of the retina where neighboring bipolar
cells with different intracellular CI” concentrations are depicted (red: short fluorescence lifetime; blue:
long fluorescence lifetime) [14].

I low CI-

S high cr

Fig. 1
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DISSOLUTION OF BIOCOMPATIBLE SILICON NANOPARTICLES
IN AQUEOUS SUSPENSIONS DEFINED
BY THEIR PHOTOLUMINESCENCE

M .B. Gongalsky, Yu.l. Bezsudnova, L .A. Osminkina, and V.Y u. Timoshenko

M.V. Lomonosov Moscow State University, Faculty of Physics, Moscow, Russia
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Abstract. Silicon nanoparticles are known to be promising biocompatible and biodegradable agents for both
diagnostics and therapy of cancer. Efficient photoluminescence allows to achieve optical bioimaging, while gen-
eration of singlet oxygen by nanoparticles opens framework for cancer photodynamic therapy. The biodegrada-
bility of nanoparticles is demonstrated to be related to their dissolution in agueous suspensions, but physico-
chemical processes are still unclear. This work is devoted to qualitative characterization of the process and esti-
mation of key parameters, i.e. dissolution rate, photoluminescent quantum yield, size of nanoparticles, surface
composition, etc. during storage in agueous mediums by means of photoluminescent spectroscopy.

I ntroduction

Silicon nanoparticles (SINPs) attract attention of physicists and biomedica scientists due to their
high biocompatibility and biodegradibility [1]. They possess efficient photoluminescence (PL) in red
and near infrared region of spectrum with typical quantum yield about 5-10%. SINPs were demon-
strated to be useful contrast agents for bioimaging both in vitro [2] and in vivo [3]. Very low PL life-
time of SINPs by comparison with biological autofluorescence opens pathways to lifetime selective
imaging, which provides really high contrast unlike conventional techniques [4]. Another advantage of
SiNPsistheir ahility to kill cancer cells via singlet oxygen generation [5]. Thus, SINPs potentialy can
provide theranostic approach to cancer treatment combining photodynamic therapy and optical bio-
imaging in vivo.

Important aspect for biomedical applications of SINPs is their biodegradability, which is provided
by dissolution of SiNPs in aqueous medium. Unlike silica (amorpous SiO,) nanoparticles SINPs can
dissolve into water forming silicic acid due to the breakage of relatively weak Si-Si bonds inside the
nanoparticle. This process depends on various factors, i.e. diameter of SINPs, their local concentration,
flow velocity of external liquid, pH level, surface composition and essentially biological factors. The
aim of this work is to analyze influence of some factors to the dissolution process in modelling sys-
tems by means of photoluminescent spectroscopy.
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Fig. 1. PL intensity of SINPs as a measure of their concentration
versus time of storage in agueous suspension

Experimental

Aqueous suspensions of SINPs were made by wet grinding of microporous silicon layers in the
planetary mill. Porous silicon was fabricated by electrochemical etching of monocrystalline silicon
wafers with specific resistivity 1...10 Ohm*cm in hydrofluoric acid mixed with ethanol. Then a set of
agueous suspension was made by application of centrifugation and ultrasonic treatment. In order to
investigate influence of the factors separately we made some subsets characterized by variation of the
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single parameter, i.e. diameter of SINPs, concentration of SINPs, speed of the suspension stirring and
different coating (uncoated SiNPs and dextran-coated). Then modification of photoluminescence, opt-
ical absorption, hydrodynamic diameter of SINPs was investigated during the storage in agueous me-
dium.

First of al, concentration of SINPs in suspensions did not influence a lot to the time of dissolution
up to value of 10 g/l which exceeds biocompatible limit and dangerous for some cells. This means that
factor of SINPs concentration can be important only in huge agglomerates of SINPs inside the human
body, which can be presumably formed in filtering organs, i.e. kidneys, spleen and liver. Opposite
tendency takes place for diameter of SINPs, since smaller SINPs (diameter is about 50 nm) dissolve 2
times faster than 200-nm ones. It alows to control biodegradability of SINPs by alteration of their
size. Please note, that every SINP is highly porous and it consists of 3-5 nm silicon nanocrystals dis-
jointed by nanometer-scale pores. Another important factor is the flow speed of agqueous suspension,
since it was found to be able to reduce time of dissolution tenfold or even more. This observation is
accordant with fast dissolution of SINPsin blood flow by comparison with intracellular space found in
the experimentsin vivo [6]. Dextran coating essential for high blood compatibility of SiNPswas found
to slow down dissolution of SINPs only in suspensions with low stirring speed. This can be explained
by weakness of the binding between dextran molecules and SINPs surface and low part of the coated
surface. It means that dextran significantly increase blood biocompatibility of the SINPs, but almost
has no affect dissolution properties of SINPs. Situation can be different in agglomerated of SINPs in
the places with limited diffusion of liquids.

Modelling

Dissolution process of SINPs was numericaly simulated by a set of kinetic equations including
non-linear diffusion equation with the sources of dissolved matter inside the SINPs. Each SINP
represents as a porous sphere in the liquid flow, porosity of the SINPs is introduced as a spherically
uniform function of radius increasing during the dissolution process. This leads to the increase of ef-
fective diffusion coefficient, which eventually (after complete dissolution of the SINP) turns to be
equal to regular diffusion coefficient of silicic acid in water. Numerical results confirmed experimental
results and conclusions made in the literature.
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Abstract. The current problems connected with application of Surface Enhancement Raman Scattering
(SERS)-sensors for biomedicine were discussed. It was shown, that Layer by Layer (LbL) method allows fabri-
cation of SERS platforms with high reproducibility of enhancement factor to increase signal/noice ratio. LbL
approach opens an avenue to implement a novel type of theranostic systems combining SERS based sensing and
drug delivery in one entity. The area of encapsulation development towards smart multifunctional theranostic
systems could bring benefits for personalized medicine and should minimize costs and resources at preclinical
and clinical study in pharmacology while testing new bioactive compounds.

Detection of pharmaceutically important molecules in tiny amounts is one of actual task of bioana-
lytical science. Current methods of detection of important analytes are based on chromatographic or
spectrophotometric approaches and have limits in sensitivity, time and in vivo detections. Alternative
approach for detection of biologically important substances is Raman spectroscopy, which has been
used for biomedical applications [1, 2] due to noncontact measurements and direct identification of
substances using nonlabeled detection what is achieved by comparison with calculated or pre-
measured spectra.

The effect of Raman scattering is a change in wavelength of light, scattered by some material, due
to interaction of electromagnetic waves and mechanical vibrations of chemical bonds in anayzed
sample via the sample electrical polarization. The effect is very weak, so it requires high power of in-
cident light that can damage the analyzed sample or long spectra acquisition times, making impractical
molecular microscopy with acquisition of Raman spectra in each point of sample or not alowing to
investigate rapid chemical processes [3, 4]. These difficulties can be overcome achieved by “so-
called” Surface Enhancement Raman Scattering (SERS) [5, 6]. SERS can be achieved by interaction
of light with analyzed sample near a specid active surface. There are two main mechanisms of en-
hancement discussed so far in literature. First oneis so called "physical" effect due to large increase of
electromagnetic field amplitude in the closed proximity of a structured conducting surface. This effect
appears due to synchronous confined motion of electron cloud and el ectromagnetic field called as the
plasmon resonance. Between electrons and el ectron-free parts of conducting surface appears new field
with much larger amplitude in a close proximity that rapidly decreases with the distance from surface
("near-field"). The second mechanism is so called "chemical” type of SERS. It requires formation of
rather strong chemical bond and charge transfer path along that bond between surface and analyzed
molecule. This kind of SERS process include excitation of €ectrons by incident light in active surface,
charge transfer to analyzed molecule, change of electronic state due to vibrations in molecule, charge
transfer back to surface and relaxation there to initial state with the generation of new scattered pho-
ton, i.e. new electromagnetic wave with changed wavelength. Or it can be simplified with semicon-
ducting surface by simultaneous transfer of electron and vacant electron state (hole) forming the exci-
ton to analyzed molecule and electron relaxation on molecule itself, that makes this process much
more probable. So the good enhancement of this type is usually achieved at semiconductor surface,
either in form of bulk material or in form of nanoparticles [7]. The best performance require stable
nanoparticle, either in ultrasmall fullerene-like form without dangling bonds, or oxide semiconductor
in highest oxidation state [8], and also with self-cleaning effectsin materials like TiO2.

SERS sensors allow us go to in vivo detection because energy dose, that is a product of laser power
and integration time, do not effect on the cell and tissue [9, 10]. The structure, shape and size of SERS
platforms are defined by applications. Nanostructured surface can be obtained by layer-by-layer (LbL)
assembly method [10]. The LbL technique allows us to control hanoarchitecture of SERS platform and
has high potential for expansion of SERS platform functionality [9, 11-15], for example, use of carbon
structures as one of structure layers of core-shell structure allows application of such platforms in
hyperthermia due to high thermal conductivity of graphene-like substances [11]. The additiona bene-
fit of ordered carbon structures is the existence of easily recognizable peak in Raman spectrum that
can be used as a nonbleached label in high scattering environments such as cells, biological liquids
and tissues. Microstructures described above are attractive objects of research on the following rea-
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sons: they are easily obtained in a large scale; there are many “hot spots’ on a surface of such plat-
forms. Therefore, good reproducibility for SERS measurements can be expected. Such particles are
usually placed on to glass or other substrate for measurement and after that are used as platforms, that
leads to decreasing of contact between these particles and target analyte and can limit analyte concen-
tration on a platform. This problem can be solved, for example, by coupling of SERS spectroscopy
and optical tweezers. Using of optical tweezers for platform delivery in a required place of a cell or
tissue can be used [16].

Development of such new remote control sensors for implementation of biological processes moni-
toring in living cells isimportant for main pathophysiologica processes understanding and, therefore,
for improvement of modern medicine and pharmacology techniques. Biocompatibility of sensors can
be reached by means of use of nontoxical materials for SERS platforms. So popular biocompatible
basis of the platforms obtained by a layer-by-layer method is the calcium carbonate [11, 12]. Use of a
calcium carbonate allows to carry out capsulation and delivery of medicinal substances into pores of
such platform. Plasmon hollow shells that were made by |layer-by-layer assembly [13], can have sev-
era functions: delivery of medicina substances and platform for SERS imaging for research of
processes inside cells and control of intracellular drug delivery. The spherica platforms obtained by
layer-by-layer technology were used for investigation of scaffold materials which used for cell grow-
ing [11]. Thistechnology can be used for highly sensitive monitoring of cell in situ [9].

SERS-sensors based on microparticles are hard and inflexible for in vivo applications, but suitable
for remote control and drug delivery. Nanosized encapsulated SERS-sensors are more mobile, but
have low capacity for drug delivery and must be used at high concentrations for remote controle. At
the best of our knowledge there is no one commercia available SERS-sensors modified by capsulation
approaches that slow down progress in real-world application the SERS-sensors.

Encapsulated SERS platform demonstrates a good potential for selective detection of compounds.
LbL approach enables to construct core-shell structures where “hot-spots’ are placed on outer layer
and provide detection of analytes and alows fabrication of encapsulated SERS platforms with high
reproducibility of enhancement factor to increase signal/noice ratio. The major advantage over most of
conventional detection methods based on fluorescence signaling is related with possibility to use mul-
tifunctionality while assembling SERS platform for multiple detection of different components. These
sensitive platforms encapsulated in one entity, or in other words in one core/shell structure includes
carbon-based ordered structures, magnetite nanoparticles, gold and silver nanoparticles. As shown
above SERS sensors are used for hyperthermia treastment of cancer. Promising approach is sought
when using of inorganic microparticles as template for SERS surface preparation that increases effec-
tiveness of SERS sensors. Surface functionalization of SERS sensors can improve selectivity in detec-
tion, biocompatibility and aso could contribute in facilitation of cell uptake process. A porous core or
shell used as substrate for SERS platform fabrication could be exploited for drug capsulation while
surface functionalization promotes intracellular delivery.

LbL encapsulation approach opens an avenue to implement a novel type of theranostic systems
combining SERS based sensing and drug delivery in one entity. SERS platform produced by LbL me-
thod would be perspective for applications in medicine for carrying out preclinical and clinical study
and while medical treatment is on agenda these structure could contribute in curing by releasing drugs
which could be of importance, for example for trestment of diabetes or cancer. For example, the SERS
platforme can be used to determine the glucose level and response by injecting encapsulated insulin at
needed concentrations. Identification of the tumor cells coupled with release photodynamic dyes in
close proximity of should facilitate treatment of cancerous cells reducing side effects.

We suggest that combination of SERS based sensing and smart drug delivery could be realized via
encapsulation in one construct [15]. It can be obtain the systems enabling measurement of signal and
dose controlled release at designated site. Smart multifunctional theranostic systems could bring bene-
fits for personalized medicine and should minimize costs and resources at preclinical and clinica
study in biomedicine while testing new bioactive compounds.
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Abstract. Nonsense-mediated mRNA decay (NMD) is an evolutionarily conserved mechanism that elimi-
nates transcripts with premature termination codons. We developed a new fluorescent proteins-based two-color
NMD reporter that enables quantification of NMD activity at the level of single live cells. Using this reporter we
detected considerable difference in NMD activity in different cell lines. Moreover, a strong heterogeneity was
revealed in some cell lines that include clearly distinct subpopulations of cells with high and low NMD activity.
We believe that the new reporter is a useful tool to study NMD regulation in various biological models, as well
as for small molecule screening.

Nonsense-mediated mRNA decay (NMD) is a ubiquitous mechanism of degradation of transcripts
with a premature termination codon (PTC). mRNAs with PTC result from various events — gene muta-
tions, alternative splicing, programmed DNA rearrangements in immune cells and others [1]. The
main function of NMD is clearance of C-terminally truncated proteins. Further, many normal tran-
scripts carry stop codons which are recognized as PTCs and thus undergo NMD [2, 3]. Recent data
suggest that NMD is an important mechanism of global regulation of gene expression [4, 5].

It is generaly accepted that NMD is triggered by abnormal composition of the mRNA-associated
proteins downstream of the terminating ribosome. When newly synthesized mRNASs began to trans-
late, the trandlation complex pauses at a premature termination codon (PTC) upstream of an exon junc-
tion complex, the RNA helicase UPFL/Rentl1, an essential component of the NMD process, is re-
cruited and then targets the transcript for degradation [4].

Here, we describe new method to quantify NMD activity at single cell level using fluorescent pro-
teins of two colors, green TagGFP2 and far-red Katushka. TagGFP2 was encoded by mRNA targeted
to splicing-dependent NMD pathway. Katushka was used as a control of expression level. Comparison
of fluorescence intensities of cells expressing this vector ((NMD+) and cells expressing TagGFP2 and
Katushka from corresponding control NM D-independent vector pNMD- allowed NMD activity to be
assessed at single cell level using fluorescence microscopy and flow cytometry (Fig. 1). Thisis espe-
cially important for complex models with potentially heterogeneous spatio-temporal patterns of NMD
activity [6].
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Fig. 1. Schematic outline of the reporter functioning. Vector pNMD+ (left) carries two fluorescent pro-
teins, one of which (GFP) is encoded by NMD-targeted transcript and the other (RFP) serves as a control
of expression efficiency. Control vector pNMD- (right) encodes both RFP and GFP by NMD-
independent transcripts. Comparison of green-to-red fluorescence ratio in pPNMD+ and pNMD- samples
allows calculation of NMD activity. Brown arrows — promoters. Red, green and grey rectangles — coding
regions for RFP, GFP and B-globin, respectively. Blue circles — transcription terminators. Red “STOP”
signs — stop codons. Red and green cylinders — trandated GFP and RFP proteins
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The proposed reporter system was thoroughly tested in HEK293T cell line. NMD activity in these
cells was found to be approximately 15-fold (i.e. 15-fold decrease of level of NMD-targeted transcript
was observed) (Fig. 2a). To check the ability of our reporter system to assess NMD regulation, we
tested for the known effects of NMD inhibition by some chemicals and specific RNAI. In all cases,
fluorescence reporter detected the expected decrease of NMD activity similar to that measured by con-
trol quantitative PCR.

In order to test NMD efficiency in different models the following cell lines were analyzed: Hel a,
mouse embryonic fibroblasts (MEF), mouse embryonic stem (ES) cells, mouse colon carcinoma
CT26, mouse Lewis lung carcinoma LLC, human T-cell leukemia Jurkat, and spontaneously immorta-
lized human keratinocytes HaCaT. These cell lines demonstrated very different NMD activities. In
CT26, NMD activity was low, whereasin LLC it was high (8.5-fold higher than in CT26). Jurkat and
HaCaT as well as overgrown HEK293T cells possessed strong heterogeneity and consisted of two cell
subpopulations with high and low NMD activities (Fig. 2b) — phenomenon that cannot be discov-

ered by classical methods.

pNMD+ pNMD-

HEK293T

Green Green

Over-
grown
HEK293T

of .
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Green
Fig. 2. Flow cytometry analysis of the cells transiently transfected with pNMD+ (left plots) or pNMD-
(right plots). Corresponding pairs of cell samples HEK293T were analyzed using the same settings of the
flow cytometer. Area of corresponding NMD- cells is outlined by a gray dashed line on each NMD+
plot. a. HEK293T cells grown in normal conditions. b. Overgrown HEK293T cells. Green and blue
dashed lines show cell populations R1 and R2 with high and low NMD activity
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Abstract. Effect of silver nanoparticles on spontaneous and stimulated emission of chromene-3 in ethanol
solution is studied. It is established, that upon laser photoexcitation of solution the spontaneous fluorescence is
observed, which with increasing of pumping energy transforms in stimulated emission. The increasing of fluo-
rescence, stimulated emission and lasing threshold was observed upon addition of silver nanoparticles. The de-
pendence of intensity of lasing of silver concentration correlates with data of fluorescence.

Creating of new active laser media in the visible spectral range is relevant with the solution of a
number of biomedica problems, since the laser light of these wavelengths can penetrate deeply into
biological tissue. Radiation in red spectral range commonly used in photodynamic therapy of cancer.

This paper presents the results of a study on the plasmon effect of chromen-3 dye (3—(diethylamino)-7-
0x0-7 H —benzo [4,5]-imidazo [1,2-a]chromeno [ 3,2-c] pyridine-6- carbonitrile).

Spectral and luminescent properties of dye were studied in ethanol solution. Concentration of ye
molecules was equal to 10 mol/l. Silver nanoparticles (NPs) was prepared by laser ablation of metal-
lic Agin ethanol. The size of Ag nanoparticlesin colloidal solutions was determined by dynamic light
scattering analyzer of the sizes of submicron particles Zetasizer Nano ZS (Malvern).

Fluorescence spectra were registered with Cary Eclipse spectrofluorometer. The fluorescence de-
cay kinetics of dye was measured using a pulsed spectrofluorometer with picosecond resolution and
registration of the time-correlated photon counting mode. Fluorescence excitation of samples was per-
formed using a pulsed laser with Agen = 488 nm and a pulse width at half-maximum t = 40 ps (Becker
& Hickl). Absolute quantum yield of dye was measured in reflectometric sphere AvaSphere-50-REFL
(Avantes BV) and was equal to 0.99. Measurements of the spectral and energy characteristics of in-
duced emission of solutions of chromene-3 were performed upon excitation of samples by second
harmonic of Nd:YAG laser (SOLAR LQ 215, Agen = 532 nm, Eimp = 90 mJ, T = 10 ng) in the
cross-version. Pump power density was varied with the help of neutral density filter and was
0.005-0.2 MW/cm?. Stimulated emission with the help of converging lens focused on the input of opt-
ical fiber spectrometer AvaSpec-2048.

The results of the studying of absorption, fluorescence and stimulated emission od dye in ethanol
solution upon change of silver NPs concentration are shown in the Table. It is evidence that absor-
bance of dye molecules increases with the growth of concentration of Ag NPs. Maxima of absorption
coefficient is observed for CAg:lo'5 mol/l. Optical density decreases with further increase in the con-
centration of NPs. Fluorescence intensity behaves similarly. The fluorescence lifetime is not changed.

Cag Aabs MM | AX®,0, | D M,nm | lg,au [, ns | Mo nm | AN®,,, nm | 1, au.

mol/| nm (P=0.05
MW/cm?)
0 550 68 0.45 580 7.7 4.1 580 27 12

6-10° 550 68 0.48 580 7.6 4.1 580 26 13.1

10° 550 68 0.54 580 8.6 4.1 580 16 24.8

3.10° 550 68 0.52 580 85 4.1 580 23 16.5

6-10° 550 68 0.50 580 8.0 4.1 580 27 125

Properties of stimulated emission of dye are also dependent on the concentration of silver NPs. The
emission intensity increasesin 2 times when CAg:lo'5 mol/I. At this concentration, thereis a minimum
of half-width of the spectrum of stimulated emission is observed. Dependence of lasing intensity on
concentration of Ag nanoparticles correlate with the data on spontaneous fluorescence. M easurements
of the intensity and half-width of band of stimulated emission on the pumping power have shown that
the lasing threshold under the influence of the plasmon effect decreases.
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Abstract. This presentation overviews our results on laser-ablative synthesis of ultrapure nanomaterials for
biomedical applications. Running experiments in vitro and in vivo, we conclude on “zero” toxicity of such na-
nomaterials. We then describe a novel method for cancer therapy, in which Si nanoparticles are used as sensitiz-
ers of RF-induced hyperthermia

Inorganic nanomaterials demonstrate extremely promising characteristics for tasks of cancer diag-
nostics and therapy (theranostics), but biomedica prospects of such nanomaterials are complicated by
toxicity issues arising as a result of relatively dirty pathways for their fabrication. As an example, S
nanoparticles are biocompatible and even biodegradable in pure state, but conventional chemical and
electrochemical routes for their synthesis inevitably lead to a surface contamination by toxic products.
As a solution of the toxicity problem, we recently introduced a series of physical methods based on
ultrashort laser ablation and fragmentation in agqueous biocompatible solutions in order to synthesize
novel classes of ultrapure nanomaterials for biomedical tasks [1].

This presentation will overview our results on the laser synthesis of some important inorganic na-
nomaterials (Si, Au etc) and their tests in biological systems. First, our tests in vitro using cancer and
normal cell lines demonstrate the innocuousness and safety nanoparticles (zero toxicity), while protein
covering after the incubation of nanoparticles in rea biologica environment suggests potential suc-
cessful transport of nanoparticles in vivo and minimal immune response effects [2, 3]. In vivo testsin
small animal model using systemic administration of nanoparticles also do not reveal any sign of tox-
icity effects. We then examine optical, photochemical and photo-thermal characteristics of laser-
synthesised nanomaterials in the view of their potential cancer theranostic applications [3-5]. Finally,
we describe a novel method for mild cancer therapy, in which Si nanoparticles are used as sensitizers
of radio-frequency induced hyperthermia. The efficiency of this method is confirmed by successful
testsin vitro and in vivo [3].
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Riboflavin, aso known as vitamin B2, isinvolved in various biologica processes as such required
for avariety of flavoprotein enzyme reactions including activation of other vitamins. Its dysregulation,
as in the case of human breast adenocarcinoma cells, results in its abnormally large accumulations in
cancer cells. Herein, we report a facile strategy for riboflavin-mediated specific photodynamic treat-
ment of breast adenocarcinoma cells SK-BR-3 based on its effective singlet oxygen generating proper-
ties (~50%). However, the efficacy of riboflavin PDT islimited by penetration depth of exciting radia-
tion in biological tissues at the level 500 um. We demonstrate a solution to this problem by the ra
tional photoluminescent nanotechnology design. Specificaly, upconversion nanoparticles (UCNPS)
offer alucrative possibility to kindle UV or visible light at the sub-centimetre depth in tissue, owing to
their property to convert infrared radiation at the wavelength in the biological tissue transparency win-
dow 975 nm. We designed upconverson nanoparticles (UCNP) of the composition
NaY F4:Y b3+:Tm3+ that yielded UV/blue emission bands critical for the photosensitising of ribofla-
vin. We achieved a high Forster resonance energy transfer (FRET) efficiency from UCNPs to vitamin
B2, which facilitates a large production of cytotoxic singlet oxygen and thus an enhanced PDT effica-
cy. We demonstrate the NIR triggered PDT agent for specific inhibition of SK-BR 3 tumor cell growth
in vitro and in vivo, thereby revealing the considerable potential of the UCNPs based PDT system as
NIR triggered deep PDT agents for cancer therapy.
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Fig. 1. Upconversion emission spectra of core/shell NaY F: Yb* Tm**/ NaY F, under excitation on 975 nm with-
out (blue curve) and with (green and red curve) presence of vitamin B2. On insert: photo of UCNPs water solu-
tion and UCNPs mixture with vitamin B2 under 975 nm illumination. Green luminescence demonstrates effec-
tive FRET from UCNPs to vitamin B2. Optical image of SK-BR-3 cells incubated with nanocomplex UCNPs-
riboflavin and PI. Pl luminescence after cell irradiation on 975 nm demonstrates photodynamic treatment of
breast adenocarcinoma cells SK-BR-3
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Gold nanoclusters (AuNCs) are a new type of luminescent nanomaterials, usually comprising na-
noparticles (AuNPs) smaller than 2 nm and typically composed of afew to about 100 gold atoms [1].
AUNCSs are distinguished from other Au nanomaterials with strong photoluminescence, large Stokes
shift and high emission rates. The luminescent AUNCs provide the bridge between atomic and NP be-
havior in noble metals and exhibit molecule-like photophysical properties, large surface area-to-
volume ratios, easy surface manipulation and color tenability [2]. Compared with other types of lumi-
nescent materials, such as small-molecular dyes, fluorescent proteins, semiconductor quantum dots,
dye-doped NPs, up-converting lanthanide-doped NPs and carbon nanodots, AUNCs have many advan-
tages, including being relatively simple to prepare, high quantum yield in NIR range, good water solu-
bility, low toxicity, biocompatibility and surface fictionalization, so they have shown great potentia in
theoretical studies and practical applications.
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Fig. 1. (a) Extinction spectra (1) and fluorescence excitation (2) and emission (3) spectra of Au25 nanoc-
lusters. (b) TEM images of Au25 nanoclusters. The insets show the digital photos of the nanoclusters so-
Iution under white light (left) UV light (right), respectively

As an example Fig. 1 shows extinction, emission and excitation spectra of Au nanoclusters com-
posed with 25 gold atoms in bovine serum albumin matrix. TEM image is aso shown at
panel (b).

In this talk, we focus our discussions on the synthesis strategies, and the size-dependent fluores-
cence of AuNCs. We cover their applications in biophotonics for cancer cell and tissue imaging,
chemical analysis, and environmental monitoring.

We take special care our recent advances in detection of pathogen bacteria and AuUNCs guided pho-
todynamic treatment. For such experiment Au25 nanoclusters (with high QY in red and near IR spec-
tral range) were functionalized with human antistaphylococcus immunoglobulin as a targeted agent
and with aluminum phtal ocyanine (Photosens) as a photodynamic drug. We use these multifunctional
conjugates for simultaneous fluorescent detection (under 514 nm excitation) and photodynamic treat-
ment of Staphylococcus aureus bacteria.
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and photodynamic suppression of bacteria
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Abstract. Actin cytoskeleton remodeling has been described as a marker of metastasis activity and drug
sensitivity of cancer cells. Super-resolution microscopy techniques enable to study microfilament networks at the
molecular level. Here, we visualized actin ultrastructure at high-resolution in ex vivo tumor model. Subcutane-
ous tumors were formed in BALB/c and C57BL/6 mice by injection of CT26 and LLC1 cancer cells, correspon-
dingly. We applied novel fluorogenic probe SiR-actin for staining of beta-actin in tumor cryodlices and further
TIRF imaging. To process raw data 3B analysis was used. As aresult, we could obtain super-resolved images of
beta-actin structure in tumor tissue.

The actin cytoskeleton has a key role in cell survival and growth, responsible for variety of normal
cellular functions. Actin is a highly conserved essential protein that cells use to move, polarize, divide
and maintain organization within tissues [1-3]. Such processes as cell adhesion, migration, invasion
into surrounding tissue, which is driven by actin cytoskeleton dynamics, are typical for cancer cells.
Consequently, the rearrangement of microfilaments leading to changes in cell shape and platicity is
considered as an important regulatory mechanism of metastasis [4—7]. In this light, actin cytoskeleton
can be regarded as a target for anticancer chemotherapy [8, 9]. Meanwhile, the ultrastructure of actin
network, the molecular basis of its changes might be understood only using super-resolution micro-
scopy methods overcoming diffraction limit [10]. Single-molecule localization microscopy (PALM,
STORM, GSDIM, etc) are becoming more widespread in cell biology [11-13]. However, there are
some practical challenges for in vivo application of these techniques [14]. In our research we have ap-
plied TIRF microscopy for ex vivo cryotissue samples and imaged actin cytoskeleton structure at high-
resolution in tumors.

To generate primary tumor models we used CT26 (mouse colon carcinoma) and LLC1 (mouse
Lewis lung carcinoma) cell lines. Subcutaneous tumors were formed in BALB/c and C57BL/6 mice
by injection of 500,000 CT26 or LLC1 cancer cells into the flanks, correspondingly. On day 14 after
inoculation the mice were sacrificed and the tumors were obtained and immediately frozen. Using
Leica CM 1100 cryostat 10 pm-thick slices were cut and placed on 0,17 mm coverslips suitable for
inverted microscope. The cryosections were fixed in 4% paraformaldehyde and then labelled with
novel fluorogenic probe SiR-actin for beta-actin filaments. This tool has been recently reported as an
extremely photostable and bright dye for endogenous cytoskeletal structures imaging in live and fixed
cells [15]. In addition, Hoechst 33342 was used for nuclel staining. The cryosections were also ex-
amined by standard histological analysis (H& E staining) to verify tumor tissue morphology.

The actin ultrastructure of tumor tissue was visualized with Eclipse Ti inverted microscope (Nikon)
equipped with EM-CCD camera. The cryoslices were imaged in TIRF mode allowing to reduce back-
ground signal that might be high in thick sample. For SiR-actin-based imaging of fixed tissue samples
we tested a range of microscope settings. Eventually, 2% laser power (647 nm) and exposure time of
16 ms proved to be efficient. We established that the fluctuation rate of SiR-actin averaged fluores-
cence intensity at selected conditions was sufficient for applying 3B (Bayesian analysis of blinking
and bleaching) algorithm. This modern localization microscopy analysis alows for many overlapping
fluorophores in each frame as well as the use of information from bleaching events [16]. A series of
2000 sequential images was acquired for further processing. As a result, we could obtain super-
resolved images of actin cytoskeleton structure of CT26 (fig. 1) and LLC1 tumors.

In summary, we for the first time demonstrated single-molecule localization microscopy of actin
organization in ex vivo tumor model.
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Fig. 1. SiIR-actin labeling of CT26 tumor cryotissue. Left: Wide-field image (averaging of 500 frames)
of sample region. The yellow square indicates the analyzed area in right panel. Scale bar, 10 um. Right:
Magnifications of the analyzed area. Averaged wide-field (upper) and corresponding super-resolved im-
age (lower) obtained by means of 3B algorithm. Scale bar, 1 um
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Abstract. Nowadays nanotecnologies are widely developed for use in different fields, including biology and
medicine. As the result, development of nanotecnologies at whole, on the one hand, and development of repro-
ductive technologies (for human and animals), on the other hand, including in-vitro operations with early em-
bryos, can lead to increase the interaction probability between nanoparticles and the embryo. In present work we
test the impact of nanoparticles on mammalian (mice) embryo to estimate their potential for researches and the-
ranostic applications and analyze their toxicity for embryo.

In vitro fertilization (IVF) is rapidly growth with the advantage of opportunity to diagnose some
disease on the stage of preimplantation embryo such as genetic abnormalities and genetic predisposi-
tion to some heavy disease. There is number of methods to return the potential for proper develop-
ment, increasing the chance of pregnancy. The unique physicochemical properties of nanoparticles
could help to implement drug delivery into this micro system, mammalian embryo, and expand the
scopes of IVF.

Over the past years nanoparticles have attracted attention due to their unique physicochemical
properties, which are promising for biomedical application [1] as a drug carriers, biosensors, coating
for medical implants and more. Today industry invents various surface functionalizations to customize
nanomaterials for different application.

Despite of all advantages of nanoparticles the biological impact is still not properly studied. Our
work aims to test the toxicity and the probable penetration inside the mammalian embryo of different
nanoparticles.

For that purpose we used embryos from mice. The 2-cell stage embryos have been recovered from
female mice of C57hl/6 strain. Nanoparticles have been added into culture medium and development
of the in vitro cultivated embryos was evaluated during 72 h. The developmental rate has been com-
pared with control embryos. All embryos were cultivated in 4-well plates with culture medium in in-
cubator at 37°C with 5% of carbon dioxide.

Some nanoparticles were examined, such as different kinds of ND, titanium dioxide particles of differ-
ent structure, etc., with various concentrations and times of interaction. These kinds of nanoparticles have
been sdected due to previoudy demonstrated non-toxicity for cdlular models and their optical-
spectroscopic properties promising for imaging applications and some bio-optical treatments[2, 3]. NP was
added into the medium with 2-cell embryosin concentrations, the highest equaled 200 pg/ml.

The interaction of the nanoparticles with the embryos was analyzed via the confocd fluorescence mi-
croscopy (with confocal scanning microscope TCS SP5, Leica, Germany). Due to spectroscopic properties
of the used nanoparticles their localization on/in the embryo could be analyzed via their fluorescence. The
images of embryos with and without NP are compared on the Fig. 1. No disturbing effect of these nanopar-
ticles in applied concentrations neither well-observable penetration of the nanoparticles into the embryos
has been detected. It opens more wide opportunities for nanobioapplications.

€Y (b)

Fig. 1. Mice embryos development in presence of nanoparticles
a) control (without ND), b) 100 nm nanodiamond
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Difference in the interaction of embryos with on embryos by different nanoparticles is showed on
the Fig. 2. The reason why some particle barely lay over the zona pellucida, and some completely cov-

er it, remains to be studied.

a) b) <) d)

Fig. 2. Mouse blastocysts developed from 2-cell stage embryos in @) control culture medium and culture
medium containing various types of NP: b) 40 nm fluorescent ND, c) TiO,, d) ND obtained with method

of laser ablation [3] with aminated surface
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Abstract. Liposome-nanoparticle hybrids are stable under physiological conditions in contrast to plasmonic
noble metal nanoparticles that irreversibly aggregate at physiological salt concentrations. High stability of the
hybrids together with absorption of light in a near-infrared region of the spectrum makes the structures useful for
avariety of theranostic applications.

Noble metal nanoparticles (NPs) strongly absorb light in the visible range of spectrum. Absorption of
light in so caled biologica (or therapeutic) window, where tissues are relatively “transparent” to near-
infrared photons (wavelengths from 650 to 900 nm), makes the particles useful for photothermal therapy.
[llumination of the particles attached to a target tumor cell by near-infrared light leads to liberation of heat
and as results in killing the cell and those in a close proximity to the target one. The main disadvantage of
the noble NPs in genera and gold NPs (AuNPs) in particular that strongly limits their gpplication in the
field of biomedicine islow stahility of the nanoparticles under physiological conditions. At a physiologica
ionic strength (roughly 150 mM NaCl) AuNPs aggregate and lose their unique plasmonic properties. Dif-
ferent capping ligands have been employed to prevent aggregation of the particles under physiologica con-
ditions. However, despite considerable progress achieved in the fidd in the last decade, the problem of
plasmonic nanoparticles delivery into target cellsisnot solved so far.

Liposomes, spherical vesicles consisting of an agueous core surrounded by a lipid bilayer, is an
ideal system for drug delivery into the cells. They can carry hydrophobic drugs well as hydrophilic
compounds to the cells. The latter ones are encapsulated in the aqueous phase of the liposome, while
the hydrophobic drugs are located in a non-polar core of the bilayer. Severa liposome-drug complexes
have received approval from FDA and many othersarein clinical trials now.

The liposome-nanoparticle hybrids (see images below) overcome the limitations associated with
low stability of the NPs at physiological ionic strengths. At physiological salt concentrations common
ligand-coated charged NPs collide with one another during their motion due to the lack of repulsion.
This leads to irreversible binding of the particles and to their aggregation. Liposome-encapsulated na-
noparticles are separated from each other by the phospholipid membranes and can’t interact. The na-
noparticle-loaded liposomes thus overcome the instability problem and provide a methodology to de-
liver plasmonic nanostructures to target cells.

Those are some issues | am going to address in the lecture: plasmonic nanoparticles instability un-
der physiological conditions; synthesis and properties of nanoparticle-loaded liposomes and potential
theranostic applications of liposome-nanoparticle hybrid constructs.
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Cryo-TEM images of nanoparticle loaded liposomes. The particles are clearly visible as dark spots
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Abstract. Super-resolution optical fluctuation imaging (SOFI) overcomes the diffraction limit in all three
gpatial dimensions by analyzing an image sequence of blinking fluorophores with higher-order cumulants. In
order to benefit of athree-dimensional data analysis, we introduce a multiplane wide field microscope for simul-
taneously imaging several object planes for increasing the depth sampling and reducing the acquisition time. We
show super-resolved images of the three-dimensional structure of organellesin fixed and live cells. We discuss
issues when imaging living specimen and attempt to improve the quality of the super-resolved images by esti-
mating and modeling the imaging performance.

Since the invention of stimulated emission depletion (STED) fluorescence microscopy in the early
1990s, diffraction-unlimited optical microscopy of living cells has become an important research field
for further the understanding of life [1, 2]. Prominent methods achieve super-resolution by a targeted
read-out of ensemblesin strongly confined regions, e.g. STED, or by precise localization of individua
blinking emitters in thousands of images, e.g. stochastic optical reconstruction microscopy (STORM).
Recently, super-resolution optical fluctuation imaging (SOFI) was introduced as an elegant way to
overcome the diffraction limit in al spatial dimensions [3, 4]. SOFI analyzes the intensity traces of
blinking emitters over time for correlated signals. Because emitters blink independently, correlated
intensity fluctuations in a point-spread function sized region originate from individual emitters, which
allows to distinguish the emitters in more detail. Balanced SOFI linearizes the image contrast and was
shown to yield an about four-fold resolution improvement in fixed cells [5].

We present super-resolved three-dimensional (3D) cell structures imaged with a multi-plane wide-
field microscope [6] and address issues when imaging living specimen that express photo-switchable
fluorescent proteins. For further optimizing the imaging process, the quality of the super-resolved im-
ages can be assessed by estimating their signal-to-noise ratio (SNR) and the modulation transfer func-
tion (MTF) of the microscope.

Three-dimensional imaging

Multi-plane 3D SOFI is a wide field imaging method that analyzes image sequences of stochasti-
cally blinking fluorophores by spatio-temporal cumulants of several orders [6]. The simultaneous ac-
quisition of several object planes enables a 3D data analysis to refine the acquired imagesin all spatia
dimensions. Compared to a sequentia plane-by-plane imaging, the 3D imaging significantly reduces
the acquisition time and helps limiting the photo-bleaching of the fluorophores. We imaged Tom20, an
abundant protein of the mitochondria outer membrane, labeled with Alexa 647 in fixed C2C12 cells.
We further imaged the vimentin network in living Hel a cells using the reversibly photo-switchable
fluorescent protein Dreiklang [ 7] as exemplified in the figure.

SOFI image quality

The SNR can be estimated on a per-pixel basis by calculating the variance of SOFI images derived
from different blinking subsegquences. The jackknife statistics can also be useful to quantify the MTF via
the spatia frequency content of these SOFI images. The estimated SNR and the MTF help choosing the
appropriate image sequence length and cumulant order for tuning the resolution and contrast of the su-
per-resolved images. We present a SNR model taking into account the important experimental parame-
ters and we compare the results of our model with Monte-Carlo simulations and measurements.

Conclusions

Whereas SOFI is conceptually simple its application bears a number of pitfalls common to super-
resolution microscopy. In particular, the potential instability of the opto-mechanical components and
the mohility of living specimen need close attention because SOFI is fairly sensitive to motion arti-
facts and because image co-registration is of limited applicability. Therefore, shortening the acquired
image sequences is tempting if the resulting image quality can be kept at an acceptable level. An au-

143



tomatic quantification of the SOFI image SNR and the MTF supports appropriate choices of imaging
parameters.

z[pm]

Live-cell multiplane SOFI of Hel a cells expressing vimentin-Dreiklang [6]. (@) Maximum intensi-
ty projection of wide field images. (b) Maximum intensity projection of second-order balanced
SOFI. (c) Zoomed region highlighted in b. (d) x—z section highlighted in (b)
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Abstract. Evaluation of photoluminescence, bio-imaging, cytotoxicity and sono-sensitizing properties of
silicon nanoparticles (SINPs) have been investigated. The prepared SiINPs exhibit efficient room temperature
photoluminescence (PL) in the spectral region of 600—1000 nm. On the one hand in-vitro studies have demon-
strated low cytotoxicity of SINPs and possibilities of their bio-imaging applications. On the other hand, it has
been found that SINPs can act as efficient sensitizers of ultrasound induced suppression of the viability of Hep2
cancer cells. Listed modalities open new possibility of SINP theranostic (therapy and diagnostic) applications.

I ntroduction

Currently alot of works are devoted to bioapplications of different silicon nanostructures, e.g. por-
ous silicon (PSi), which consists of a network of intersecting silicon nanocrystals (nc-Si) separated by
nanometer-sized pores [1]. Usually PSi films are formed by electrochemical etching of bulk crystalline
silicon (c-Si) in highly concentrated hydrofluoric acid (HF) solutions. In 1995 L. Canham [2] discov-
ered biocompatibility of PSi and suggested its applications in biomedicine.

Besides the electrochemical treatment of ¢c-Si there is another simple and cheap method to obtain
PSi-like nanostructures, i.e. silicon nanowires (SINWSs), based on metal-assisted wet chemical etching
(MACE) approach [3]. This is a smple method of wet chemical processing under the near ambient
conditions, which allows us to treat a large area of ¢-Si without creation of back electrical contacts.
The formed arrays of SINWs consist of an amost non-intersecting nanowires and pores with diameters
from several to hundreds nm [4].

Experimental results

We use SINWs grown by the MACE method [5] on ¢-Si substrates of heavily boron-doped (0.001
Q-cm) (100)-oriented wafers to produce of SNWSs. Figure 1 (a) shows typical cross-sectiona scan-
ning electron microscopy (SEM) micrographs of SINW arrays on c-Si. As can see from SEM (inset in
Fig.(1a)), SINWs have a highly porous struc-
ture, which is aso confirmed by the TEM im-
age of single SINW as presented in Figure 1(b).
Inset in Fig. 1(b) shows the corresponding elec-
tron diffraction pattern obtained in the “trans-
mission” geometry for SINWs. A TEM image
of SINPs, fabricated by ultrasound grinding of
SINWSs in water, is presented in Figure 1(c).
Insets in Figs 1(b) and 1 (c) show the eectron
diffraction pattern for SINWs and SINPs, re-
spectively, and indicate the preservation of mi-
soriented nanocrystals in SINWs and SiNPs.
Fig. 1(d) shows a size digtribution function of
zp=25mV. GNPs, obtained by DLS, which was characte-
rized by amaximum at 135 nm. ZP of SINPsin

Number of particles (%)
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Rl L Diameter (nm) the initially obtained agueous suspensions was
S——. 500 111 202 mV.

Fig. 1. (a) Cross-sectional SEM image of SINW arrays on c-Si (the inset shows porous structure of SINW); (b)
TEM image of single SINW (the inset shows the electron diffraction pattern of the SINW); (c) TEM image of
SiNPs (the inset shows the electron diffraction pattern of the SiINPs); (d) size distribution function of SiNPs,
obtained by DLS (the inset shows digital photo of the SINPs aqueous suspension with the concentration of 1
mg/ml)
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The PL spectra of SINWs and SINPs consist of a broad band in the visible range with the maxi-
mum in the photon energy at 850 nm (1.7 V) (see Fig. 2 (a)). The PL spectra of the samples are well
explained by the radiative recombination of excitons confined in small silicon nanocrystals with aver-
age size about 2—6 nm [1]. Such nanocrystals were found by electron microscopy in porous volume of
SiNWs and SiINPs as shown in Figure 1 (a) and (c). Produced SiNPs were relatively non-toxic to Hep2
cells in the concentration range of 2-125 pg/ml (see Fig. 2 (b)). The spatia distribution of SINPs in-
side the cytoplasm of MCF-7 cells 24 h after their incubation was confirmed by a 3D high-resolution
structured-illumination microscopy (HR-SIM) projection with a lateral resolution of 100 nm (see Fig.
2 (c)). Fig. 2 (d) represents the living Hep2 cell viability dependence on USI (0.88 MHz, 1 W/cny)
duration. Set-up of in-vitro experimentsis given ininset. It was found out that USI essentialy no affect

on the cell viability within the
m e v Navelenght om) time interval from O to 10 min.

I ol At the same time, the combined
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Fig. 2. (@) PL spectra of agueous suspensions of SINPs prepared from SINWs (inset: typical appearance of the
SINP suspension under the UV line of argon-laser radiation); (b) In-vitro cytotoxicity of SINPs towards living
Hep2 cells; (c) Fluorescent HR-SIM images of MCF-7 cells 24h incubated with SINPs; (d) The dependence of
in-vitro cell viability on USI duration. The cells have been exposed to USI (black curve) or to the combined ac-
tion of USI and SiINPs (red curve) (inset: schematic representation of the set-up for in vitro US| experiments)

In summary, low toxicity, photoluminescent and sonosensitizing properties of SINPs, prepared by
ultrasound milling of porous SINW arrays, open new possibility of their theranostic (therapy and diag-
nostic) applications.
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Abstract. Information processing inside the central nervous system takes place on multiple scales in both
space and time. To obtain an integrated view, complementary approaches combining different imaging tech-
nigues should be combined. Two-photon fluorescence microscopy, combined with multi-photon laser nanosur-
gery, allow following the dynamics of damaged neurons in the cerebral cortex of living mice. We dissected the
ultrastructural features of the same neuron previously imaged in vivo by means of corrélative light and electron
microscopy. The behavior of single cells depends on the network they are integrated, which needs to be investi-
gated with large area optical techniques. We show how the apical dendritic arbor of a single cortical pyramidal
neuron imaged in living mice was found in the large-scale brain reconstruction obtained with light sheet micro-
scopy. With the correlative approach presented here, and the implementations we propose, researchers will be
able to integrate the information obtained in a multi-level framework.

Brain activity involves many levels of organization that spans severa orders of magnitude in space
and time [1, 2]. Correlative microscopy strategies conveys multiple levels of complementary informa-
tion from the same sample in an integrated dimension. For example, two-photon fluorescence micro-
scopy (TPFM) can be used to monitor the activity and the plasticity of selected neuronsin living mice,
with resolution of single spines or varicosities [2, 3]. In combination with fluorescent protein expres-
sion techniques, two-photon microscopy has become an indispensable tool to image cortical plagticity
in living mice [4]. In parallel to its application in imaging, multiphoton absorption has also been used
as atool for the selective disruption of intracellular structuresin vivo [5, 6]. The resolution of TPFM is
not enough to achieve subcellular details at the nanometer scale. A fruitful example of correlative ap-
proach is the combination of scanning electron and two-photon microscopy, which allows visuaizing
the ultrastructure of neurons after observing neuronal dynamics in vivo [7, 8]. The mating between
light and electron microscopy, by bridging the gap between the micro- and the nanoscale, attracted the
interest of many neuroscientist. An interesting example of this fruitful combination has been provided
by imaging with focused ion beam milling and scanning electron microscopy (FIB-SEM) [8] the ultra-
structurd details of aregenerated axonal branch previously laser dissected and imaged with TPFM [6].
This combination, that exploit fiducial marks burned around the area of interest to retrieve the same
region in the sample embedded for electron microscopy [9], allowed to dissect how regenerated axon
interacts with possible postsynaptic targets. EM 3D reconstructions shows the close proximity of this
newly formed branch with a spiny branch of a Purkinje cell, the postsynaptic neuronal target. The EM
serial images alows visualizing both the distribution of mitochondria and synaptic vesicles inside the
axon, and the structural interplay between the axon and the dendrite [6].

TPFM though able to investigate the long-term dynamics of events that last over months, is limited
in the space it can access. It might be hard to perform a neuroanatomical classification of the neuron
imaged with TPFM from superficial anatomical details. On the other hand, large-scale neuroanatomi-
cal data can be obtained, with cellular resolution, by a number of techniques like ultramicroscopy [10]
and confocal light sheet microscopy (CLSM) [11]. Notably, these methods based on light sheet illumi-
nation are currently the only in which the sample is preserved without dicing, allowing multiple imag-
ing rounds and therefore a greater flexibility. Anyhow, these approaches can only be applied to fixed
samples, making it impossible to get any information about the temporal evolution of brain structure.

Here we show that by combining in vivo TPF microscopy with ex vivo confocal light-sheet and
electron micrascopy we can place high-resolution time-lapse images of selected neurites in awider or
more detailed anatomical framework, respectively. We could image the apical portion of a neuron in
living mice using TPF microscopy, and afterwards we could find the same neuronal process after tis-
sue fixation, dehydration and clearing. By acquiring many adjacent image stacks with two-photon mi-
croscopy, it was possible to observe a relatively large field of view with high resolution, high enough
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to detect single dendritic spines. By using major blood vessels as landmark points, the same neuronal
process observed in vivo was retrieved in the cleared tissue. Starting from this portion, the dendritic
arbor can be reconstructed down to the cellular soma [12]. With the correlative approach presented
here, researchers can now place in a three-dimensiona anatomic context the neurons whose dynamics
have been observed with high detail in vivo.

Finaly, we will show the development of a new set of tools for improving the performances of
CLSM and TPFM and their combination, and a new versatile clearing method for two photon and light
sheet microscopy.
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Abstract. Nanoparticles-based systems are developed and realized for bio-imaging as an alternative to fluo-
rescent dyes. Particularly, nanodiamonds’ (ND) photoluminescence properties make them promising for number
of imaging and probing bio-applications. In this work we discuss detection of the ND biodistribution in the ze-
brafish embryo model using different optical-spectroscopic methods of observation (confoca fluorescence mi-
croscopy, two-photon microscopy and life-time imaging) with the purpose to develop and optimize the methods
for imaging and drug delivery tracing using ND, and compare with other nanoparticles (NP).

Nanoparticles applications in biology and medicine are nowadays widely developed [1]. In pre-
sented work we focus mostly on nanodiamonds (ND) bio-imaging and bio-labeling applications, based
on their luminescence (fluorescence) properties. The main origins of the ND’ s fluorescence are defects
and admixtures embedded in the diamond lattice (color centers). They revea well-detectable, stable
luminescence in different ranges of spectra, which can be excited with various excitations. The ND
fluorescence strongly depends on ND structure. That allows devel opment of various methods to optim-
ize ND fluorescence properties modification In the combination with ND surface properties which allow
the particles modification with bio-active molecules for interaction with target biosystem and treatment,
these properties do ND promising nanomeaterial for further development of ND theranostics applications,
asimaging and delivery tracing, bio-sensing, photothermal treatment, etc. [2].

Development of ND use for bio-imaging and drug delivery tracing utilizes one-photon fluorescence
of different color centers of ND, ability to excite two-photon fluorescence of some centers and analy-
sis of fluorescence lifetimes. The methods to increase the ND fluorescence allow improving their
properties both for fluorescence imaging and for fluorescence lifetime imaging (FLIM). Particularly,
fluorescent ND (FND) emits the fluorescence with lifetime longer than lifetimes of dyes for the bio-
logical samples staining or of cellular autofluorescence sources, alowing separation of FND emission
from the fluorescence background [3].

In this study lifetime imaging has supplemented the fluorescence confocal microscopy and two-
photon imaging to observe and analyze the nanoparticles interaction with such biological living object
as early-stage embryos focusing on the well-reproducible zebrafish embryo model. The nanoparticles
biodistribution in the embryo in vivo during its growth and development was observed. NDs of size
100 nm have been injected in early-stage fish embryo in concentration 1 mg/ml, 4.6 nl per embryo, in
yolk; the development of embryo and NDs' distribution were watched up to 72 hs. Additionally, emb-
ryo development and morphology have been analyzed in the presence of nanoparticles inside the em-
bryos (zebrafish embryo) or in growth medium (mammalian — mice — embryo), effects from particles
with different structure, optical and surface properties have been compared.

The two-photon images were obtained and fluorescence lifetimes of the embryo structures and na-
nodiamonds have been measured using Ti-sapphire laser with excitation 800 nm; 150 fs; 80 MHz con-
nected with two-dimensional scanner. The registration was done with single photon counting cooled
PMT. The time delay curves and histograms of distribution on the lifetimes for studied NDs and fish
embryos are shown in Figure 1. In the Figure 2 the confoca image (obtained with confocal scanning
microscope TCS SP5, Leica, Germany, using excitation 488 nm), two-photon image and lifetime im-
age of the fish embryo with ND after 4 h past the injection are presented. Further observation alows
detection of ND in/relatively the embryo during development, as well as demonstrating low toxicity of
ND for the embryo. The zebrafish model for a safety evaluation of the ND biodistribution and interac-
tion with different organs of developing larvae, for using ND-based nano-carrier or nano-labd is dis-
cussed. Additionally to NDs of various properties, other kinds of nanoparticles are tested and com-
pared with NDs.
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Fig. 1. Interaction of different kinds of nanodiamonds with zebrafish embryos. (a) Time decay curves; in-
setis FLIM of the embryo without ND; (b) corresponding to (a) histograms of distribution on the life-
times for the embryo structures and different kinds of NDs
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Fig. 2. Images of embryo with FND of size 40 nm: (a) confocal fluorescence image, excitation 532 nm,

detection in range 600—670 nm; (b) two-photon image and (c) FLIM measured at excitation 800 nm and
detected in range 450-640 nm
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Forster resonance energy transfer (FRET) technique isincreasingly employed to access the molecu-
lar mechanisms governing diverse cdlular processes such as vesicular transport, signal transduction
and the regulation of gene expression. FRET to occur, the protein molecules should be close together
within 10 nm, the dipole moment of the fluorophore targeted to the proteins should have an appropri-
ate orientation, and the spectral overlap of the donor emission to the acceptor absorption should be
>30% for FRET to occur [1-2]. FRET can be used to estimate the distance between interacting protein
moleculesin vivo or in vitro using light microscopy systems. Visible fluorescent proteins (VFPs) have
been widely used as a FRET pair in addition to organic dyes. Light microscopy techniques including
wide-field, confoca and multiphoton microscopy systems provide spatia information of the interact-
ing proteins with nanometer resolution [3]. The microscopy technique provides contamination in the
FRET signal due to spectral overlap of donor emission to the acceptor absorption. These contamina-
tions have to be removed to make a reasonabl e interpretation of the FRET data [3-6]. Number of algo-
rithms has been devel oped to remove the contaminations in the FRET signal. On the other hand, fluo-
rescence lifetime imaging microscopy (FLIM) approach provides quantitative information with spatial
and temporal details of protein-protein interactions. In FLIM-FRET technique one follows the change
in lifetime value of the donor without and with the acceptor molecules [7-8]. FLIM is sensitive to the
local microenvironment of the molecule but insensitive to the change in fluorophore concentration or
excitation intensity. No algorithm is required to remove the contamination. In FLIM-FRET techniques
one should follow the change in donor molecule lifetime in the presence and the absence of acceptor.
All the above mentioned techniques require the protein molecules should be labeled or expressed with
organic dyes or VFPs. As an example, we describe the usage of FRET methodol ogies using Cerulean-
Venus as a FRET pair to investigate the C/EBPa dimerization in the living GHFT1 live cell nucleus
(2- and 3-color FRET).

On the other hand FRET can also be measured using the natural fluorescence of the molecules such
as interaction between NADH and tryptophan. Changes in energy metabolism, mitochondrial function
and levels of reactive oxygen species have been shown to induce aterations in cellular activities which
are different in cancer vs. normal cells. Investigation of the metabolic activity at the molecular level
potentially provides a method of detection of cancer at the early stages [9]. Three-photon excitation
microscopy in combination with fluorescence lifetime imaging microscopy (FLIM) and FRET alows
us to investigate the molecular behavior over time and space at different environmental conditions. In
our earlier investigation of tryptophan (TRP) as a metabolic marker, we have shown statistically sig-
nificant differences in the TRP fluorescence lifetimes in non-tumorigenic versus tumorigenic cells
by 3P-FLIM-FRET imaging [10]. Our investigations suggest that the TRP fluorescence lifetimes in
the cytosol -mitochondria are quenched by NADH at higher bound/free ratios.

In thisinvestigation we used LNCaPs- Caucasian prostate cancer cell line [11]. We used 3p-FLIM-
FRET microscopy to investigate the metabolic response of LNCaPs cells at various conditions using
the drug taxol. We observed the metabolic mechanism/profile of mitochondria differently in normal
versus LNCaP cell lines due to taxol treatment.
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One of our key goals is to visualize the in vivo targeted delivery of diagnostic and therapeutic
agents in animals and humans at a cellular level. In this paper, we directly observe and quantify solute
and nanoparticle localization, metabolism, and tissue responses in various organs in space over time
using high resolution, non-invasive biophotonic imaging. Studies were undertaken in vivo and ex vivo
after parenteral and topica administration using state-of-the multiphoton tomography with fluores-
cence lifetime imaging.
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Abstract. We present a technique that records transient changes in the fluorescence lifetime of a sample
with spatial resolution along a one-dimensional scan. The technique is based on scanning the sample with a high-
frequency pulsed laser beam, detecting single photons of the fluorescence light, and building up a photon distri-
bution over the distance along the scan, the arrival times of the photons after the excitation pulses and the time
after a stimulation of the sample. The maximum resolution at which lifetime changes can be recorded is given by
the line scan period. Transient lifetime effects can thus be resolved at a resolution of about one millisecond. We
demonstrate the technique for recording photochemical and nonphotochemical chlorophyll transients in plants
and transient changes in free Ca* in cultured neurons.

I ntroduction

Fluorescence lifetime imaging (FLIM) by multidimensional TCSPC is based on raster-scanning a
sample, detecting single photons of the fluorescence light emitted, and building up a photon istribution
over the coordinates of the scan area, x and y, and the arrival times, t, of the photons after the laser
pulses. For multi-wavelength FLIM the wavelength of the photonsis added as an additional imension.
The results can be interpreted as an array of pixels, each containing a large number of time channels
for consecutive times after the excitation pulses [1]. Transient effects in the fluorescence lifetime can
be recorded by time-series FLIM. Subsequent FLIM recordings are performed, and the data saved into
consecutive data files. Time-series of FLIM images can be recorded at surprisingly high rate, espe-
cialy if readout times are avoided by dua-memory recording. Nevertheless, each step of atime series
requires at least one complete x-y scan of the sample. With the typica frame rates of fast galvanome-
ter scanners lifetime changes can be recorded at a maximum resolution on the order of 100 msto 1
second. Lifetime changes faster than that can be recorded by single-point measurements, as has a-
ready been demonstrated in [1]. However, single-point measurements do not deliver information about
the spatial distribution of the effects observed.

Technical Solution

A solution to spatially-resolved transient recording is, again, provided by multi-dimensional
TCSPC. The approach isillustrated in Fig. 1. Figure 1, left, shows the photon distribution built up by
normal TCSPC FLIM. It isadistribution of photon numbers over x, y, and t. In Fig. 1, right, one spa-
tial coordinate (y) has been replaced with an ‘experiment time’, T. The experiment time, T, isthe time
after a stimulation of the sample, or after any other event that is expected to be temporally correlated
to alifetime change in the sample. X isthe distance aong a spatially one-dimensional scan.

Fluorescence Lifetime Imaging Fluorescence Lifetime Tr ient Sc
FLIM: n (x, vy, 1) FLITS: n(x, T, 1)

t
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X

Fig. 1. Left: Photon distribution built up by standard FLIM.
Right: Photon distribution built up by fluorescence lifetimetransient scanning

As long as the stimulation occurs only once the recording process appears simple: The sequencer of
the TCSPC module starts to run with the stimulation, and puts the photons in consecutive time chan-
nelsalong the T axis. The result is atime-series of line scans. Obvioudly, the resolution in T is limited
by the period of the line scan only, which is about 1 msfor the commonly used scanners.
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Results

To demonstrate fluorescence lifetime-transient scanning we used the ‘chlorophyll transients’ that
occur when alive plant is exposed to light. Upon illumination, the fluorescence lifetime (and intensity)
first increases. The increase happens within a few milliseconds or tens of milliseconds. It is attributed
to the progressive saturation of photosynthesis channels, and a corresponding decrease in fluorescence
gquenching. The increase in the fluorescence quantum efficiency is therefore called ‘photochemical
transient’. Recording the photochemical transient requires periodical stimulation and acquisition of the
data over along period of time. Both the laser on-off signal and the frame clock were therefore gener-
ated by a bh DDG-210 pulse generator card. The on-off period was 1 second, the ‘on’ time within the
period was 200 ms. Each turn-on of the laser initiates a photochemical transient, i.e. aincrease of the
fluorescence lifetime. In the laser-off period the leaf partially recovers, so that the next laser-on initi-
ates a new transient. The total acquisition time was 40 seconds, i.e. 40 on-off periods were accumu-
lated. Theresult is shownin Fig. 2.
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Fig. 2. FLITS image of photochemical chlorophyll transient. Horizontal: Distance along the line scanned.
Vertical, bottom to top: Time, T, after the start of illumination. Line time 1 ms, 256 lines, total time inter-
val recorded 256 ms. Laser turned on at T=0, laser-on time 200 ms. Left: Lifetime image. Right: Ampli-
tude-weighted lifetime of double-exponential decay, blue to red corresponds to 450 ps to 650 ps. Decay
curves for a selected pixel (x5159) within the line for T53 msand T5191 msinto the laser-on phases. The
amplitude-weighted lifetime increases from 480 psto 531 ps

Summary

FLITS records fluorescence-lifetime transients at a time scale down to about one millisecond with
spatialy one-dimensional resolution. Technically, FLITS is obtained by line scanning and replacing
the ‘frame clock’ of a TCSPC FLIM system with a trigger pulse that is synchronous with the event
that stimulates the lifetime change in the sample. The technique can thus easily be implemented in
confocal or multiphoton laser scanning microscopes, provided these are able to run a fast line scan.
The technique works both with single-shot stimulation, or with periodic stimulation. For a given pho-
ton detection rate, the lifetime accuracy for single-shot stimulation decreases with decreasing time-
channel width along the transient-time axis. Thisis not the case for periodic stimulation: Here the ac-
curacy depends on the total acquisition time. Periodic stimulation is thus the key to high fluorescence-
transient resolution. Potential applications of FLITS are experiments of plant physiology, electro-
physiology, and Ca’" imaging of neuronal tissue.
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Abstract. The comparative investigation of the photobiological properties of potential photosensitizing
agents based on tetra(4-fluorophenyl)tetracyanoporphyrazine incorporated into different water-soluble polymer
nanoparticles was carried out. Nanoparticles based on polymer brushes (polyimide-graft-polymethacrylic acid)
was shown to be the most perspective in terms of achievement the maximal accumulation selectivity in tumor
tissues, high cellular uptake and photoinduced cell toxicity.

Novel class of tetratetracyanoporphyrazine chromophores combining properties of photosensitizers and
molecular rotors was synthesized recently [1]. For biocompatibility enhancement and improvement of
pharmacokinetic  properties we incorporated one of the chromophores (namely, tetra(4-
fluorophenyl)tetracyanoporphyrazine, Pz) into different water-soluble polymer nanoparticles based on po-
lyethylene glycoal (PEG), methylcdlulose (MC), sodium aginate (AlgNa) and novel polymer compound
"polymer brushes' (PB, polyimide-graft-polymethacrylic acid [2]) (hereinafter, Pz-doped nanoparticles).
Photobiological properties of Pz-doped nanoparticles were tested both in vitro and in vivo.

Optical properties of all biocompatible forms prepared were investigated. The excitation maximum
at 590 nm and fluorescence in red spectral region (maximum at 635 nm) were observed for all types of
Pz-doped nanoparticles independently from polymer used. The intensity of fluorescence strongly de-
pended on local environment parameters such as viscosity and protein presence. The fluorescence
quantum yield for Pz-doped nanoparticles in presence of albumin was significantly higher than in dis-
tilled water solution — up to 100-fold in case of PB nanoparticles.

All Pz-doped nanoparticles were shown to lead to Pz accumulation in living tumor cells during the
first 30 minutes after injecting into the cell growth medium (Fig. 1). The accumulation was shown for
several human and murine tumor cells lines — A431, T24, Hel.a, CT-26. The uptake was not asso-
ciated with clathrin-mediated pathway of endocytosis as it was shown in experiments with inhibition
of this pathway by chlorpromazine. The presence of proteinsin cell grow medium was shown to have
significant impact on Pz uptake into cells — the Pz accumulation decreases with adding of serum pro-
teinsin the medium.

In cell culture experiments the Pz-doped nanoparticles were shown to be localized in intracellular
membranes (presumably endoplasmic reticulum and Golgi apparatus) and nuclear membranes. The
accumulation of Pz in nuclear and perinuclear regions has a very significant value in PDT, because
nuclear membranes assumed to be the most vulnerable to photodamage.

Photoinduced and dark toxicity of Pz-doped PB-nanoparticles were investigated in vitro, the half
maximal inhibitory concentration (1C50) was determined. The IC50 for this type of nanoparticles was
shown to be 20 uM for 10 Jem? illumination by 625 nm light, and much higher than 60 uM when in-
cubated in dark. It confirms the efficacy of Pz-doped PB-nanoparticles as a potential agent for photo-
dynamic therapy. PB-nanoparticles per se demonstrated no cell toxicity.

PEG MC

AlgNa PB
Fig. 1. Cellular uptake of the Pz-doped nanoparticles based on different biocompatible polymers
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Experiments on mice bearing subcutaneously grafted metastatic colorectal carcinoma CT-26 dem-
onstrated strong dependence of Pz pharmacokinetics on nanoparticles (Fig. 2). Pz-doped PB-
nanoparticles demonstrated the most selective accumulation of Pz in tumor relative to normal tissues.
The maximal contrast of accumulation (4-fold) was reached 24 hours after injection. High selectivity
of Pz-accumulation in tumor was confirmed by confocal microscopy ex vivo.

Pb-Pz MC-Pz AlgNa-Pz i

Fig. 2. Fluorescent images of mice with CT-26 tumors 3 hours after injection of Pz-doped nanoparticles.
Tumor region is outlined by dashed line
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Conclusions

Among Pz-doped nanoparticles, PB-nanoparticles proved to be promising for fluorescence diag-
nostics and photodynamic therapy due to the highest selectivity of accumulation in tumor, high cellu-
lar uptake and photoinduced cell toxicity. Localization of Pz in perinuclear region is very beneficia
for an efficient photodinamic therapy. Furthermore, belonging Pz to the group of fluorescent molecu-
lar rotors make it possible to monitor the physiological effects of PDT-treatment by estimation its pho-
tophysical parameters.

Acknowledgements

This work was partly supported by Ministry of Education and Science of Russian Federation grant
(contract Ne14.7250.31.0022), the Russian Foundation for Basic Research (projects Ne14-02-00753).

References
1. M.A.lzquierdo, A. Vysniauskas, S.A. Lermontova, et a., Journal of Materials Chemistry B, 2014, 3(6),
1089.

2. A.V. Yakimansky, T.K. Meleshko, D.M. llgach, et al., Journal of Polymer Science Part A: Polymer
Chemistry, 2013, 51(20), 4267.

157



Invited
BIOMEDICAL APPLICATIONSOF MAGNETO-PLASMONIC NANOCLUSTERS

K. Sokolov'?, C.-H. Wu?, J. Cook?, T. Zal® and S. Emelianov*?

'Department of Biomedical Engineering, University of Texas at Austin, Austin, Texas 78712, USA
2 Department of Imaging Physics, University of Texas M.D. Anderson Cancer Center,
Houston, Texas 77030, USA,
ksokolov@mdanderson.org
®Department of Immunology, University of Texas M.D. Anderson Cancer Center,
Houston, Texas 77030, USA

Abstract. Multimodal nanoparticles can offer unique solutions to many challenging biomedical problems.
Specifically, magneto-plasmonic nanoparticles with a strong red-NIR absorbance, superparamagnetic properties
and a high magnetic moment can be used for multimodal imaging and magnetic manipulations. This combina-
tion of properties is highly advantageous in detection of circulating tumor cells (CTCs) in whole blood without
intermediate purification steps. Furthermore, magneto-plasmonic nanoparticles can provide novel solutions to
enhancement and monitoring of cell based therapies.

Current and emerging technologies for CTC assays include the CellSearch™ system (Veridex, FDA
approved for prognosis in breast, prostate, and colorectal cancer) that utilizes ferrofluids consisting of
magnetic nanoparticles coated with antibodies againgt epithelial cell adhesion molecules (EpCAM) [1].
Micro-fluidic technology has also been applied for CTC detection, capable of separating of CTCs from
whole blood samples [2, 3]. Like CellSearch, cdls are visualized by fluorescent staining. Isolation of
CTCs by size aims at direct enrichment of epithelia cdls using filtration-based approaches [4]. Micro-
scopic approaches, such as fiber-optic array—scanning technologies, are based on scanning of nucleated
cells deposited on a glass dide. The putative CTCs are subsequently stained with a Wright-Giemsa stain
or Papanicolau stain and compared to the primary and metastatic tumors[5].

These methods often fail to detect CTCs in patients with metastatic cancers, possibly, due to down-
regulation of EpCAM in metastases initiating cells (MIC) [6]. Furthermore, most of them require mul-
tiple enrichment, purification, extensive washing, and staining steps to minimize background from
normal cells. These excessive handling can result in a loss of CTCs. Therefore, new approaches that
minimize processing steps and are not dependent on EpCAM are required for a highly sensitive and
specific detection of CTCs.

Here we address this challenging problem by developing nanoparticle probes with multiple func-
tionalities. Integration of multiple components in a single nanostructure is a chalenging task. Most of
the existing approaches to synthesis of hybrid nanoparticles require cumbersome multi-step protocols
and result in nanostructures with limited tunability of physical and optical properties.
Here, we developed a new type of nanoparticles which consist of primary 6 nm iron oxide core-gold
shell nanoparticles that form highly uniform spherical assemblies with sizes that can be varied from
ca. 70 to 180 nm [7, 8]. The magneto-plasmonic nanoclusters exhibit strong red-NIR absorbance and
superparamagnetic properties with a high magnetic moment in an external magnetic field. We conju-
gated the nanoclusters with monoclonal antibodies specific for tumor biomarkers of breast, colon and
skin cancers and demonstrated molecular specific optical and photoacoustic (PA) imaging with high
sensitivity. We carried out experiments in whole blood from a normal volunteer spiked with various
amounts of cancer cells. It was shown that cell capture efficiency exhibits a linear behavior from 5 to
500 cells per 2.5 mL of the whole blood. Furthermore, we showed that molecular targeted nanoclusters
can be used for simultaneous magnetic capture and PA detection of cancer cells in whole blood with
greater than 90% capturing efficiency with no laborious processing steps that are commonly used in
other cancer cdl capture and enumeration assays [9]. The magneto-plasmonic nanoparticle platformis
being tested in blood samples of cancer patients with metastatic disease with a very good capture effi-
ciency as compared to FDA approved Cell Search system.

Our immunotargeted nanoparticles can be easily adapted to a variety of biomarkers, targeting both
surface receptor molecules and intracellular biomarkers of epithelial-derived cancer cells. In this pres-
entation we will explore the opportunities afforded by the hybrid magneto-plasmonic nanoparticles
and PA imaging for the development of alow cost smple and nearly real-time assays for capture, se-
paration and enumeration of rare cells.
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One of the challenges in the bionanotechnology field is development of nano-sized delivery sys-
tems comprising different functionalities. These systems should enable to ship and to carry bioactive
substances to pre-defined site and unload it in designed time and place. Layer-by-layer assembled cap-
sules are have been intensively studied in last few years owing to their ability to encapsulate a wide
range of chemicals, for their permeability to be modified and their responsiveness to different factors
and functionalities to be tailored in one capsule entity. Current research leads to the fabrication of car-
riers with remote guiding and activation by optical, magnetic and ultrasound addressing, what envi-
sages unique applications as multifunctional biomaterials in-vivo. Microcapsules display a broad spec-
trum of qualities over other existing microdelivery systems such as high stability, longevity, versatile
construction and a variety of methods to encapsulate and release substances. Release and encapsula-
tion of materials by light and ultrasound and their navigation with magnetic field is a particularly in-
teresting topic. Microcapsules can be made sensitive to light by incorporation of light sensitive poly-
mers, functional dyes and metal nanoparticles. Optically active substances can be inserted into the
shell during their assembly as a polymer complex or following the shell preparation. Visible- and
infrared- addressable microcapsules offer alarge array of release strategies for capsules, from destruc-
tive to highly sensitive reversible approaches. The paper demonstrates application for intracellular de-
livery of compounds and cellular response as well asin vivo perspectives.

Submicron sized capsules are good model to mimicking bio-chemical processes in a confined geo-
metry imitating cell organelles, whilst delivered inside cell (including neurons) and tissues the cap-
sules could serve as intracellular reporter or enzymatic reactor. Biophotonic approaches are envisaged
to enhance the possibilities for multifunctional use of capsules. The talk discusses possible solutions
and promising applications as combined delivery and sensing inside biological cells.
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AG ON CARBON NANOWALLS SERS SUBSTRATES:
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Abstract. We have elaborated substrates for surface enhanced Raman scattering (SERS) based on carbon
nanowalls (CNW) with thin Ag films deposited on them. The morphology of nanowalls coated with solid silver
film promotes strong inhomogeneous localization of optical radiation incident on the substrate, and the forma-
tion of numerous hot spots, which provide a huge enhancement of the Raman signal. It was found that the devel-
oped substrates possess high affinity for aromatic compounds, which alowed to reach the detection limit up to
107" M.

Among the various anaytical methods developed at the present time in order to solve problems of
early and very early diagnosis of various diseases, one of the most sensitive method is the Surface En-
hanced Raman Scattering (SERS) [1]. It provides the plasmonic enhancement up to ~10% when regis-
tering integrated Raman scattering signals and to ~10™ during the registration of so-called "hot spots".
However, in order to introduce SERS spectroscopy in biomedical practice it is necessary to solve the
problem of providing direct contact of the test-analyte with plasmon environment (which is usually
gold and silver nanoparticles and nanostructures). Only in this case it is possible to achieve high SERS
enhancement factor needed to ultrasensitive diagnostics. Usualy, this problem is solved by a variety
of physical, chemical or biological approaches for surface modification and functionalization of nano-
structured materials. However, these problems often have to be solved every time for each particular
analyte. Therefore, SERS substrate attract substantial interest in which an affinity for the anayte is
incorporated into their structure.

This report considers the SERS substrate formed by depositing of silver on carbon nanofilms (Car-
bonNanowalls — CNW) [2, 3]. CNWs are materials consisting of densely packed arrays of layered
graphite-like micron-sized petals with a predominant vertical orientation and chaotic transverse to the
average distance between the petals of hundred nanometers. The thickness of each petal can be varied
from afew layers of graphene to tens nanometers. Silver film with a thickness of 100-300 nm are de-
posited on the surface of CNW by magnetron sputtering at direct current. Morphology of carbon na-
nowalls which are coated with solid silver film, contributes to strong inhomogeneous localization of
optical radiation incident on the substrate, and the formation of numerous hot spots, which led to ana-
lytical SERS enhancement factor up to 5x10* for the dye Rhodamine 6G [4].

Fig. 1. SEM image CNW (a) and a silver film deposited on CNW (b)

It is found that SERS substrate have a strong affinity for aromatic compounds which is explained
by n-m stacking interaction of aromatics with the surface of CNW [5, 6]. During the study of this effect
aromatic compound 4-aminothiophenol (4ATP) was used as the anayte. Detection limit has been
reached up to 107 M, which significantly exceeds the limit of detection for Rhodamine 6G.
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Fig. 2. SERS spectra of Rhodamine 6G (&), 4-aminothiophenol (b) and dopamine (c)

A comparative test of SERS substrates developed using sodium glutamate and dopamine as test
analytes was carried out. These neurotransmitters are essentially characterized by the fact that dopa-
mine composition has an aromatic ring. It has a crucia impact on the SERS enhancement.
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Abstract. Nanoparticle/laser diagnosis and therapy of diseases is a novel modality realizing principles of
theranostics which were recently formulated. To protect skin from UV, to provide cancer and inflammatory dis-
eases treatment, and cell optoporation/transfection, technologies based on gold nanoparticles (nanoshells, nano-
rods, nanocages, and nanostars), gold/carbon nanotubes, TiO, nanoparticles and nanowires, and nanopar-
ticle/PDT dye composites will be discussed. Nanoparticle delivery in tissues and applications of gypsum-titania
nanocomposites for indoor antimicrobial coatings, gold nanoagents for optical imaging and therapy, and upcon-
version nanoluminophores for deep-tissue imaging will be analyzed.

Introduction

Nanoparticle/laser diagnosis and therapy of diseases is a novel modality realizing principles of the-
ranostics, which were formulated and overviewed recently [1, 2]. For many years, TiO,-nanoparticles
used successfully to protect skin from UV light. Gold nanoparticle technologies are intensively devel-
oping to provide efficient cancer and inflammatory diseases treatments. Problems of tissue engineer-
ing and some specific diseases treatments can be solved on the basis of robust cell optopora-
tion/transfection techniques by using appropriate nanoparticles and laser irradiation protocols. The
goal of this study isto summarize recent achievementsin the field of interaction of laser radiation with
nanoparticles embedded into atissue or cell in order to design nano-optical probes for enhanced imag-
ing, sensing and therapy.

M ethods and materials

To enhance diagnostic and therapeutic abilities of photothermal/PDT/photocatalytic technologies in
treatment of cancer and inflammatory diseases and to provide controllable tissue and cell optoporation,
different types of nanoparticles designed in many collaborating groups were used in this study [3-9].
Gold nanoparticles (GNPs) in the form of bulk spheres (GNSps), nanoshells (GNShs), nanorods (GNRs),
nanocages (GNCs), and nanostars (GNSts) (IBPPM RAS; IFAC, ltay; Aix-Marseille University,
France; Duke University, USA), photocatal ytic TiO,-nanospheres, -nanowires, and nanoparticle enriched
gypsum (University of Oulu, Finland), nanocomposites — nanoparticle/photodynamic dye conjugates
(IBPPM RAS), and upconversion luminescence nanoparticles (University of Oulu) were utilized in in
vitro, ex vivo and in vivo measurements with animals.

Results and Conclusion

The distributions of differential and integral absorbing power of a gold nanoparticle, temperature
increment, and Arrhenius damage integral were used to quantify biological action of CW laser heated
nanoparticle [10, 11]. The effectiveness of biologica response was presented in the two-dimensional
coordinate space “laser wavelength (1) % radius of nanoparticle (R).” It was found that the area in the
space (A X R) with a minimal criticality to alterations of the loca hyperthermia may be significantly
displaced from the position of the plasmonic resonance. The generalization of the proposed methodol-
ogy to the analysis of local hyperthermia produced by nanoparticles of different shapes (nanoshells,
nanorods, nanostars) at pulse laser irradiation is possible.

Nanocomposites (NCs) consisting of a gold nanorod core and a mesoporous silica shell doped with
hematoporphyrin (HP) was used to improve the efficiency of cancer treatment by combining photo-
thermal and photodynamic therapies (PDT + PTT) at application to a xenografted tumor rat model in
vivo. NCs directly injected into a solid tumor, generated singlet oxygen under 633-nm excitation and
produced heat under 808-nm NIR laser irradiation. The efficiency of the combined therapy was eva-
luated by optical coherence tomography, histological analysis, and by measurements of the tumor vo-
lume. This treatment resulted in the large-area tumor necrosis and dramatic decrease in the tumor vo-
lume.
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The effect of NIR laser radiation (808 nm) and gold nanorods on the cells of methicillin-sensitive
Saphylococcus aureus (MSSA) and methicillin-resistant (MRSA) was studied. Nanorods having the
dimensions 10x44 nm with the absorption maximum in the NIR, functionaized with human immu-
noglobulins IgA and 1gG were used [5]. The killing efficiency up to 97 % of the population of micro-
organisms was demonstrated for both strains at the laser fluence of 180 Jem?

The developments of antibacterial coatings based on photocatalytic nanomaterias is a promising
route towards potential environmentally friendly applications in public buildings and health care facili-
ties. Various types of TiO, nanofiber-based photocatalytic materials (nitrogen-doped and/or palladium
nanoparticle decorated) and their composites with gypsum were demonstrated excellent antimicrobial
properties by killing both MSSA and MRSA strains under blue LED light (405 nm) [7, 8]. In the case
of MSSA cells, the palladium nanoparticle-decorated and nitrogen-doped TiO, composites demon-
strated the highest antimicrobid activity.

There were also demonstrated that gold nanocomposite designing is a promising platform for opti-
cal imaging and treatment at cellular and tissue levels, usage of upconversion nanoluminophoresis an
attractive tool for deep-tissue imaging at tissue optical clearing, and nanosized extracellular vesicles
generated by adipocytes at laser heating and photodynamic action is a new field for theranostics.
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Abstract. The work objective was comparing the biodistribution of chlorin e6 with aminoalkylamide linker
and its boron-comprising nanoconjugate. The study was performed on 18 tumor-bearing Balb/c mice. Mice co-
lon carcinoma CT-26 was used as a tumor model. The solutions of preparations were injected into atail veinina
dose of 10 mg/kg of body weight. Animals were euthanized in 3 hours after injection. Ex vivo imaging of tumor,
liver, lung, spleen, heart, skin, colon, muscle and kidney was performed by AxioObserver Z1 LSM 710 DUO RP
NLO (Carl Zeiss, Germany). Excitation was implemented at a wavel ength of 633 nm, registration was performed
at two wavelengths: 583-653 nm and 653-730 nm. In 3 hours after injection, a high level of chlorine fluores-
cence was observed in liver, spleen and lung. Chlorine e6 with aminoalkylamide linker demonstrated a high un-
even accumulation in tumor tissue. A boron-comprising nanoconjugate accumulated in the tumor significantly
less.

Boron neutron capture therapy is a form of radiation therapy using the high propensity of the non-
radioactive nuclide boron-10 to capture thermal neutrons resulting in the prompt nuclear reaction
9B(n, )’Li. The products of this reaction have high linear energy transfer characteristics. Therefore, it
is possible to selectively irradiate those tumor cells that have taken up a sufficient amount of °B
(10%per one cell) [1]. For successful clinical use, the synthesis of boron compounds that allow achiev-
ing this concentration in tumor tissue is hecessary. One of the prospective trends here is the use of bo-
ron-comprising porphyrin nanoconjugates [2]. In this case porphyrins are used as boron “transporters’
to the target (tumor) due to their ability to accumulate and stay in tumor tissue (enhanced permeability
and retention effect, EPR) [3].

The work objective was comparing the biodistribution of chlorin €6 with aminoakylamide linker
(n=6) and its boron-comprising nanoconjugate (fig. 1).
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Fig. 1. Structures of chlorin e6 with aminoalkylamide linker (n=6) (a)
and its boron-comprising nanoconjugate (b). The plot to the right shows absorption
and fluorescence spectra of chlorin €6 with aminoalkylamide linker (n=6)

The study was carried out on male Balb/c tumor-bearing mice (18 animals total). Mice colon carci-
noma CT-26 was used as a tumor model. Experiments were performed on the 9" — 10" day after tumor
transplantation when a tumor size was 5—-7 mm. The solutions of chlorin €6 derivate and its boron-
comprising hanoconjugate were injected into atail vein in adose of 10 mg/kg of body weight. In three
hours after injection, animals were euthanized by cervical dislocation. After preparation, the imaging
of tumor, liver, lung, spleen, heart, skin, colon, muscle and kidney was carried out by AxioObserver
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Z1LSM 710 DUO RP NLO system (Carl Zeiss, Germany). For microscopic imaging, we used excita-
tion at 633 nm and registration of a reflected signal at 583-653-nm range (white channel). The emis-

sion of chlorin e6 derivate was registered at 653—730 nm (red channel) under identical conditions for
all images.

a b

Fig. 2. Biodistribution of chlorin €6 with aminoalkylamide linker (n=6) (a) and its boron-comprising nanoconju-
gate (b) in tumor tissue. Confocal microscopy, image size 225x225 um. Wavelength 670 nm

In all organs, we observed a fluorescence signal at 670 nm, corresponding to chlorin e6 fluores-
cense. After injection of chlorin e6 with aminoalkylamide linker (n=6) a high uneven level of fluores-
cence was observed in tumor tissue (Fig. 2a). A boron-comprising chlorin €6 nanoconjugate demon-
strated an essentially lower accumulation in tumor tissue (Fig. 2b). High accumulation of both com-

pounds was registered in liver, kidney and spleen (Fig. 3). A characteristic peak at 670 nm was amost
not observed in muscle, skin and smooth muscle (Fig. 3).

liver kidney lung
intestine muscle skin t

Fig. 2. Biodistribution of boron-comprising nanoconjugate of chlorin 6 in organs and tissures.
Confocal microscopy, image size 225x225 pum. Wavelength 670 nm
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Abstract. Viscosity and temperature variations in the microscopic world are of paramount importance for
the rates of diffusion and reactions. Both parameters can show complex non-homogeneous distribution on the
microscopic scale and are challenging to measure with precision. Here we report a deep red emitting dual viscos-
ity sensor 1, which allows both the ratiometric and the lifetime imaging of viscosity. We also examine the unique
effect of temperature on the photophysical behavior of 1. This allowed us to measure both viscosity and tempera-
ture concurrently.

Viscosity is an important characteristic of a microenvironment, since it determines the micro- and
macroscopic properties of materials and controls the rates of processes and reactions on the micro-
scopic scale. Among several methods that alow the detection of viscosity on such scale, detection of
molecular rotors fluorescence has secured its place as a versatile technique that alows non-
destructive imaging of viscosity in heterogeneous samples and on-line detection of changing viscosity
[1]. The viscosity sensitivity of such fluorophores is typically brought about by the interplay between
‘bright’ and ‘dark’ excited states, which is controlled by the rate of intramolecular rotation. We have
investigated a porphyrin dimer 1, which is a red emitting molecular rotor. We have discovered that
viscosity can be measured with 1 ratiometrically by using its fluorescence spectra (Figure 1a, c) as
well as by its fluorescence lifetime (Figure 1b, ¢) [2]. Only a few dual-mode molecular rotors have
been published to date, combining the capabilities of both these approaches. We have used the dua
imaging approach to detect viscosity in model lipid systems (monolayers and bilayers) and in live bio-
logical cells[2]. We also measured dynamically changing viscosity during photodynamic therapy in
these systems [2].
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Fig. 1. Calibration of 1 in methanol/glycerol mixtures, Ae. =453 nm. a) Fluorescence spectra showing
viscosity-dependent ratio of two peaks. b) Fluorescence decays recorded at 640+5 nm.
¢) Ratiometric (red) and lifetime (blue) calibration curves

Temperature can affect the balance in the relative population of the bright and dark excited states of
fluorophores by enabling or precluding the bright-to-dark state transitions, e.g. by changing the
Boltzmann distribution in the excited state(s). We have examined the effect of temperature on the pho-
tophysical behavior of 1 between 10 and 90 °C temperatures in methanol/glycerol mixtures (0-100%
glycerol). It is clear from Figure 2athat all 640/700 nm ratios recorded in various mixtures at different
temperatures overlap perfectly. This close overlap indicates that the ratios depend on viscosity alone.
However, no such overlap was seen for fluorescence lifetimes (Figure 2b), which indicates that fluo-
rescence lifetime of 1 depends on both viscosity and temperature.
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Fig. 2. (a) Ratios of fluorescence intensity at 639 nm vs 706 nm in these mixtures recorded
in methanol/glycerol mixtures (30-100% glycerol) at different temperatures.
(d) Fluorescence lifetimes of 1 recorded in these mixtures at different temperatures

This unexpected result in principle allows us to measure viscosity at unknown temperature by rati-
ometric method and then extract the temperature from fluorescence lifetime of 1 using already meas-
ured viscosity. We have experimentally verified that dual imaging of 1 does indeed allow simultane-
ous determination of viscosity and temperature in a model viscous solution heated by a copper wire
under the microscope. We have measured series of ratiometric (Figure 3a) and fluorescence lifetime
(FLIM) images (Figure 3b) and then used them for constructing viscosity and temperature maps (Fig-
ure 3 c,d) [3]. To the best of our knowledge, thisis the only example of a fluorophore with such dual
functionality.
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Fig. 3. Ratiometric (a) and FLIM images (b) of 1 together with calculated viscosity (c) and temperature
(d) maps of 3:7 methanol/glycerol mixture during the course of heating with hot copper wire (black object

in each image). The heating times are shown above each column. A black round structure appearing at
later heating times (column three) is a gas bubble
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Abstract. We propose and demonstrate a novel image acquisition modality, where a specimen labelled will
photoluminescent nanomaterials is rapidly raster-scanned, while its persistent photoluminescence signa is ac-
quired from the entire scan area. The resultant blurred image is post-processed using a developed deconvolution
algorithm to reconstruct the diffraction-limited image. This deconvolution procedure allows precise localisation
and determination of the lifetime of photoluminescent nanomaterials, specifically, upconversion nanoparticles,
which were used to label biological pathways in an experimental animal model.

Photoluminescent hanomaterials, such as upconversion nanoparticles (UCNP), have shown a con-
siderable promise in various biomedical applications. The key advantage of UCNPs is their unique
photochemical structure that enables “upconversion” of near-infrared excitation light (975 nm) of the
modest intensity (100 W/cm?) to the shorter-wavelength visible/near-infrared emission (450-850 nm).
Since no known biological molecule is capable of such conversion, the intrinsic tissue fluorescence,
termed autofluorescence, can be eliminated in the detection path by conventional optical short-pass
filtering. The exceptionally long (sub-ms) photoluminescence lifetimes of UCNPs allow realisation of
time-gated detection schemes, which can completely suppress the residual back-scattered laser excita-
tion bleeding through the (interference) spectral filters.

The maximum efficiency of UCNP photoluminescence (up to 2%) can be achieved using a confoc-
al imaging modality. An excitation laser beam is focused and raster-scanned across the specimen, and
an image is acquired pixel-by-pixel mode, i.e. serially. Due to the sub-ms long lifetime of UCNP pho-
toluminescence, such serial image acquisition results in a considerable increase of the scanning time
(~30 min to acquire a 512x512 pixels image, 10 ms pixel dwell time). In the aternative wide-field
imaging mode, the requirement of the high excitation intensity for UCNPs is met by the use of high-
power lasers, exceeding the maximum laser permissible exposure.

We propose a hybrid image acquisition modality by employing the non-descanned detection mode
implemented in a commercia multiphoton laser-scanning microscope. An UCNP-labelled specimen
is rapidly raster-scanned, while its persistent photoluminescent signal is continuously acquired from
the entire scan area. If the sample contains a set of discrete nanoparticles randomly buried in biologi-
cal tissue, the recorded image represents a set of comet-like photoluminescent signals superimposed
on the autofluorescence background of the biological object, such as a mouse liver tissue shown in
Figure 1(a).

The resultant blurred image can be reconstructed by performing an image deconvolution procedure

with atemporal point-spread function of individual UCNPs. The key parameter of this function is the
lifetime of UCNPs photoluminescence. The deconvolution procedure allows determining the lifetime
of various purpose-designed UCNPs. This leads to lucrative opportunity for labelling various biomo-
lecul es/tissues with UCNPs encoded with different lifetimes.
We demonstrated the power of this proposed approach by imaging of a thin dlice of the liver tissue
extracted from a mouse after several hours post injection [Figure 1(a), (b)] and a mixture of two types
of UCNPs with different lifetimes (NaY F4:Y b:Er and NaY F4:Y b:Tm). During the rapid image acquisi-
tion, blurred signals from single or clustered UCNPs were recorded, and after applying the devel oped
image deconvolution procedure converted into a set of intense narrow discrete peaks [Figure 1(c)].
The UCNP PL lifetime was determined to be in the range of sub-milliseconds, which was in a good
agreement with the expected value.
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Fig. 1. (a) An overlay of the bright field image of a mouse liver tissue (grey) and photoluminescent (PL)
signal of UCNPs (green) deposited in the liver post-intravenous injection. Scale bar, 50 um. (b) Surface
plots of (b) originally acquired and (c) deconvolved PL images of UCNPsin theliver, asin (a)
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A.A. Astafiev’, V.A. Nadtochenko®®, A.A. Osychenko?, and A.M. Shakhov?®

Y nstitute of Chemical Physics RAS, Moscow, Russia, astafiev.artyom@gmail.com
2 Institute of Chemical Physics RAS, Moscow, Russia
® Moscow Institute of Physics and Technology (State University), Dolgoprudniy, Russia

Abstract. We report a method of femtosecond laser material processing which is based on radiation focus-
ing in the near field of a dielectric microsphere held and manipulated by optical tweezers. Results on subwave-
length structuring of various materials are presented and compared with Lorentz Mie theory based simulations.
We demonstrated application of the method for optoporation of cell membrane, insertion and manipulation of a
single microsphere inside the mouse oocyte which can be used for controlled delivery of external genes into
cells.

Micro- and nanostructuring of materials in intensive light field of tightly focused femtosecond near-
IR laser radiation is of much interest for technical and biomedical applications. These applications rely
on the use of nonlinear absorption of intensive radiation produced by tightly focused ultrashort laser
pulses which enables processing of materials transparent in visible wavelength range [1].

The common problem of optical methods is the diffraction limit which does not allow to focus rad-
iation into an area smaller than approximately half a wavelength of light or several hundreds of nano-
metersin visible and near-IR range. Nevertheless the diffraction limit can be circumvented using elec-
tromagnetic near-field modes produced by nano- and microparticles [2]. In this work we present a
novel approach to laser materia structuring using fetosecond laser pulses focused by spherical micro-
lense probes held and manipulated by an optical trap [3]. Owing to near-field effects this approach
allows to overcome the diffraction limit of light focusing that exists for conventional optical el ements
[4-6].

To optically trap microparticles we used either femtosecond laser pulsestrain at 80 MHz repetition
rate, 780 nm wavelength, up to 10 nJ pulse energy and 55 fs duration or CW laser radiation at 830 nm,
to process material — either the same femtosecond pulses train or single pulses with energy amplified
up to 1 uJ. Focusing of the trapping radiation by a microscope objective lens produced optical tweez-
ers trapping a polysterene or silica microsphere from a water solution. Processing radiation was fo-
cused in the near-field zone adjacent to the micropshere surface. The probe was placed in contact with
the sample surface and processing radiation was absorbed through nonlinear process in the contact
zone. Depending on energy and number of laser pulses absorption led to a range of modification of
materia surface that included holes formed through laser ablation, convex bumps formed through la-
ser swelling and mechanical damage due to laser cavitation and shock-wave generation following a
laser-induced breakdown in water. The optically trapped probe was precisely moved relative to the
sample using a piezo stage to enable complex patterns writing.

In this work we demonstrate application of the method described above for processing methacry-
late polymers, borosilicate glass and biological materials. We show formation of surface structures as
small as 100 nm or 1/8 of light wavelength. Writing of arbitrary 1D and 2D patterns on materia sur-
face was performed with a tweezers-manipulated probe. We studied effects of the microsphere size,
laser pulse energy and light polarization, spacing between objective focal plane and sample surface on
the pattern size experimentally and theoretically. Generalized Lorentz-Mie theory was used for simu-
lation of light field distribution near the uniform dielectric sphere illuminated by a focused laser beam
which reasonably matches experimental results. Stability conditions for effective manipulation of the
particle by the pulsed beam were considered and a Klein-Kramers and Brownian motion models were
used to analyze the positional accuracy of femtosecond tweezers.

The microsphere probe technique was applied to puncture the cell membrane of mouse oocyte cells
through laser-induced breakdown in the vicinity of the probe. Subsequently the trapped probe was in-
serted into the optoporated cell through the punctured hole using optical tweezers. A possibility of
mani pulating the probe inside the cell was demonstrated. Thus our technique can be potentially used
for controlled delivery of external genes through specific point of the cell membrane and into specific
area of the cell using optically trapped probes as micro-containers[7].
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I will report on our recent progressin the development of laser printing technologies. Laser printing
of nanoparticles and living cells for the fabrication of complex nanoparticle structures[1, 2] and tissue
substitutes [3] will be discussed. Laser functionalization of biomedical implants will be demonstrated.

Collector substrate (glass) Silicon nanoparticles

Shortlaser pulse

-

! |
Donor substrate (bulk silicon) Tightly focussed fs laser pulse

Fig. 1. Experimental setup applied for laser printing of nanoparticles and living cells
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Abstract. Laser assisted vessel soldering has various advantages compared to conventional suture ligation,
such as reduced needle trauma, decreased foreign body reactions and watertight closures [1]. However, laser
soldering is not yet clinically applied, mainly due to alack of reproducibility. This study investigates the feasi-
bility of using electrospinning to quantitatively bind the light absorbing chromophore. The produced patch is
tested ex vivo and in an acute in vivo pig study using an intraluminal light source.

I ntroduction

Laser tissue soldering enables secure, rapid and easy fusion of tissue through the denaturation and
coagulation of proteins by thermal effect. The use of a polycaprolactone (PCL) scaffold that is being
soaked in the protein albumin (bovine serum, BSA) and the chromophore indocyanine green (ICG)
has been shown to improve tissue fusion [2, 3]. However, the control of the maximum temperature
reached during soldering is still insufficient. Previous studies showed that the flow-off and thus the
dilution of the chromophore during the surgery causes inhomogeneous and irreproducible soldering
strengths [4].

In this study we face that problem by incorporating the chromophore into eectrospun fibers. A
blend of polycaprolactone and indocyanine green enables the fixation of the chromophore in polymer
fibers and thus its quantitative binding.

This feasibility of this patch is tested ex vivo with rabbit aortas. The patch is soaked in liquid al-
bumin and wrapped around the vessdl. An intraluminal balloon catheter that holds the laser light
source ensures homogenous irradiation of the vessdl and an easy alignment of the vessel stumps [4].
The vessdl isirradiated with an 800 nm diffusor fiber. During the procedure the surface temperature is
measured with an infrared camera. The quality of the soldered vessel is determined by measuring the
tensile strength.

Finally we demonstrate the clinical relevance of this technique in an acute pig study.

Materials and methods
Electr ospinning setup and parameters

For electrospinning, a solution made of 9 % wt. PCL in chloroform/methanol (75/25 v/v) with
10 % wt. ICG based on PCL is pumped into a 21 G syringe needle. A flow rate of 30 pl/min, a gap
distance of 15 cm between the needle tip and the grounded collector plate and a positive potential of
15 kV are employed. Humidity and temperature are controlled at 21 °C and 30 % RH.

Ex vivo anastomosis

Rabbit aortic arteries are cut transversal and placed onto a water filled balloon catheter (Armada 35
PTA catheter, Abbott). The electrospun patch is soaked in 40 % wt. BSA in water and wrapped around
the vessal. A diffusor laser fiber (Laser und Medizintechnologie Berlin, Germany) is inserted into the
catheter and attached to an 810 nm diode laser (Intros, Germany). The vessels are irradiated using
4 W, continuous wave. The temperature is controlled with a thermal camera. The vessdl is irradiated
for 30 seconds at a temperature range between 75 and 85 °C. A test stand with a fixed force gauge is
used to measure the tensile strength.

In vivo anastomosis

The animals are anesthetized for laser-assisted anastomosis. The latissmus dorsi flap is separated
and its artery isisolated. The balloon catheter is inserted via the artery saphena into the artery femora-
lis and both, the flap’s artery and the arteria femoralis, are positioned on the catheter. The el ectrospun
patch, which is soaked before in liquid BSA solution, is wrapped around the two vessel stumps. The
diffusor fiber isinserted and the vessels are soldered together. After the surgery, the vessels are visua -
ly evaluated, dissected and undergo tensile strength measurement. Figure 1 shows the principle of the
setup for |aser-assisted vascular anastomosis.
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diffusor fiber
laser beam«-_:. If '

intraluminal

Fig. 1. Schematic of laser-assisted vessel soldering using a balloon catheter and a radially emitting laser
fiber (left). Intraoperative images before (middle) and after (right) soldering showing the two vessel
stumps of the artery femoralis and of the attached flap

Results

The patches for laser tissue soldering are prepared using electrospinning. After a spinning duration
of 75 min we obtain a patch with a diameter of 10 cm and a thickness of 287 + 59 um. The amount of
abumin per patch is47 = 5 mg.

A typical temperature curve of anastomoses is shown in figure 2. The tensile strength of ex vivo
experimentsis 1571 £ 538 mN (n=10).

8 pigs underwent laser-assisted vascular anastomosis with the latissimus dors flap being attached to the
artery femoralis. Six pigs had a successful anastomosis, without any leakage and with a blood flow through
the venous end of the flap. Two experiments failed in our preliminary trail due to insufficient wrapping of
the patch and due to defective approximation of the vessel stumps and the laser fiber. Bonding was ob-
tained after a mean time of laser irradiation for 79 £ 11 s. The tendle strength of the patent anastomoses
was 1058 + 306 mN. Therefore we did observe a lower tensile strength in vivo, which might be due to
more difficult handling and due to the usage of pig arteriesinstead of rabbit aortas.

In both, the ex vivo and the in vivo experiments, we did observe no leakage of the chromophore,
which confirms its stabilization in electrospun fibers.

Fig. 2. Solder-surface temperature of a typical ex vivo Zu
experiment using rabbit aorta and of an in vivo experiment ;
with a flap model in pig. The graph shows the average
temperature of the irradiated vessels during soldering

******* ex vivo
in vive

Conclusion

Electrospinning allows producing a scaffold that is pliable, tear-proof and easy-to-use. More impor-
tantly, it ensures a constant concentration of the chromophore during the surgery. Patent and strong
anastomoses could be obtained ex vivo and in vivo. This study serves as afirst preclinical step that can
facilitate the clinical application of laser-assisted vessal soldering.
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I will review the mechanisms, illustrated by results, allowing laser-acceleration of MeV-tens of
MeV ions, using intense, short-pulse lasers. This has been the subject of intense research within the
community for the last fiteen years due to the interesting characteristics displayed by these beams that
are complementary to the ones provided by beams accelerated using conventional methods. | will aso
review some recent results obtained in transiting from the common surfacic process of laser-
acceleration of ions from solid foils to a volumetric one from low-density plasmas, which not only
relaxes constraints on the laser and target parameters, but also alows moving toward high-repetition
rate targetry better adapted to the next generation of high-power lasers. | will present as well some
ways to control the beam, i.e. focusit aswell as on energy-selecting it, and assess the respective inter-
est, merit and shortcomings of the techniques that are used for this purpose. | will finally review some
recent use of those techniques in the frame of bio applications.
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Clinica X-ray imaging systems use photon attenuation as their primary source of tissue
contrast. The X-ray attenuation difference is small among different soft tissues leading to poor
low-contrast detectability of these structures. For example, various components of atheroscle-
rotic plague such as the fibrous cap and atheroma are essentially indistinguishable at percuta-
neous trans-lumina catheter angiography (PCTA) or X-ray computed tomography (CT).
Similarly, in the absence of edema, calcification, or architectural distortion, it may be hard to
distinguish cancer from surrounding healthy tissue in a non-contrast CT scan.

X-ray phase contrast imaging (PCl) improves soft-tissue contrast of traditional attenuation-
based X-ray imaging (1). For example, we recently demonstrated that X-ray PCI can charac-
terize atherosclerotic plague and discriminate benign from cancerous tissue (2) (Figure 1).
Unlike attenuation, which is modulated by atomic number differences, X-ray phase is atered
by the electron density of imaged object (1). Electron density differences between different
tissue types manifest themselves as small angular deviations (~10™ to 10 degrees) in the in-
cident X-ray beam as it travels through the body. These small angular deviations are hard to
measure with a conventional X-ray imaging system and require special instrumentation.

Fig. 1. An example of improved soft-tissue

contrast afforded by X-ray PCI (1). An Absorption g8
iliac artery with extensive atherosclerotic ~
discase demonstrating different plaque

components in the phase but not attenua-

tion image (a: cacification; b: plastic con-

tainer; c: fibrous cap; d: tri-laminar arterial b
wall; e fiducial marker; f: soft plague or b
atheroma).
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Fig. 2. Schematic diagrams of three X-ray PCI se- e
tups that will be modeled using the proposed o
framework: (a) Grating-based method (8), (b) scat- Source Zi

ter imaging using grid optics (10), and (c) propaga-
tion-based phase imaging (5).

Patient
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Because X-ray phase-contrast imaging (PCl) holds great promise in improving soft-tissue
contrast of traditional X-ray imaging, avariety of X-ray PClI methods such as crystal interfer-
ometry, analyser-based imaging, propagation-based methods, and grating-based systems have
been demonstrated in bench-top experiments. A variety of experimental X-ray PCI setups
have been reported. While most use coherent X-ray radiation from a synchrotron (3-7), tradi-
tional non-coherent X-ray sources (8-12) have aso been demonstrated. Published X-ray PCI
techniques include: crystal interferometry (3, 4), analyser-based imaging using crystalsin the
Bragg mode (6) or transmission Laue mode (7), propagation-based methods (5), Talbot inter-
ferometry using gratings (13), and grid-based systems (10, 12). Our group has pioneered a
new technique called X-ray dark field imaging (XDFI) (2) that can achieve both high angular
sensitivity and high spatial resolution using the Takagi-Taupin equation (14-16).

Despite this flurry of research activity, the future of X-ray PCI as a clinical modality re-
mains uncertain. In fact, serious objections have been raised about the scalability of the grat-
ing-based X-ray PCI, a popular methodology for extracting phase signatures, due to its unfa-
vourable noise power spectrum (17). At the present time, there is no direct way of comparing
the performance of the various X-ray PCI techniques for a human-scale object. It is also un-
known how the phase noise changes with the size of the anatomy.

Three factors contribute to this knowledge gap: (i) lack of a generally accepted numerical
phase phantom of the human body; (ii) unavailability of a wave-propagation engine to ad-
vance X-ray waves through a numerical tissue phantom, and (iii) lack of a framework for
simulating various X-ray PCI techniques and assessing their performance on an equal basis.

The goal of thistalk is to describe the fundamental concepts of phase contrast imaging. We
will also describe three popular PCI paradigms: (i) X-ray PCl using a sequence of three grat-
ings, (ii) frequency-domain measurement of coherent and incoherent scattering using X-ray
optics, and (iii) propagation-based in-line holography. Because each system is built using a
unique combination of various optical components, their performance and noise characteris-
tics are quite distinct. Each system also poses different challenges in scaling up the size for
clinical imaging.
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Multi-detector computed tomography (MDCT) technology has been greatly refined and serves as
an immensely valuable imaging modality for the diagnosis of diseases throughout the body. While
both the 1% and 2™ generation CT scanners have become obsolete, and despite the fact that 4™ and 5"
generation scanners have been build and tested, 3 generation scanners represent the most prevalent
technology currently in use. These scanners are characterized by an X-ray souce and a detector in a
fixed configuration with each other, mounted on a rotating gantry capable of 3-4 rotations per second.
This presentation will describe the imaging chain of amodern 3° CT scanner, starting with the X-ray
source, propogation through the patient, detection, and reconstruction. At each stage within the
imaging chain, limitations of the current technology will be illustrated with the help of clinica
examples.

In recent years, there have been many technica advances in MDCT that have helped to increase
accessibility to the modality, increased the speed of acquisition, spatial resolution, decreased radiation
dose, and provide additional diagnostic information. Notable advances include dual energy CT,
iterative reconstruction, and portable CT. These techniques and their corresponding imaging features
and potential limitations will be reviewed. Alternate ways of generating X-ray photons and different
ways of imparting anatomic contrast in the transmitted beam will be discussed. The presentation will
also discuss the advantages and key challenges in implementing spectra and photon counting
detectors. New advancesin CT reconstruction algorithms will be briefly described.

182



Invited

MECHANISMSAND APPLICATIONS OF GOLD NANOPARTICLE
MEDIATED LASER MANIPULATION OF CELLS

A. Heisterkamp™®, S. Kalies®®, D. Heinemann®®, M L. Torres*®, J. Krawinkel’,
M. Schomaker? T. Ripken? H. Meyer??
Y eibniz Universitaet Hannover, Welfengarten 1, D-30167 Hannover, Germany
?|_aser Zentrum Hannover, Biomedical Optics Department, Hollerithallee 8, D-30419 Hannover, Germany
3Cluster of Excellence REBIRTH, D-30625 Hannover, Germany
*Friedrich-Schiller-University Jena, Institute of Applied Optics, Froebelstieg 1, D-07743 Jena, Germany

Abstract. By illuminating gold nanoparticles, gold coated or structured surfaces, near field enhancement is
employed to selectively open the cell membrane using ultrashort laser pulses. This plasmon resonance based
method for introducing foreign material into living cells is studied with special respect to the fundamental me-
chanisms and dependencies such as cell type, molecule type and illumination parameters.

I ntroduction

In the field of molecular biology the targeting of the cell membrane with short or ultrashort laser
pulses allows the delivery of extracellular compounds to the target cell, as for example needed in gene
therapy or high-throughput screening. Tightly focused laser pulses allow the precise and minimal in-
vasive manipulation of cells and cell compartments with subcellular resolution. Several works have
shown successful delivery with high cell viabilities in different model system over the past two dec-
ades [1-3]. However, due to their focusing conditions, these techniques are very limited with respect
to cell throughput. To overcome these limitations, severa approaches are possible, for example micro-
fluidics [4] or specia beam shapes [5] to mitigate this specific drawback. In contrast, other approaches
employ micro- or nanoparticles [6-8], Wu et al. immobilized these particles on a surface [9]. Moreo-
ver, gold structures (among other noble metals) can confine the energy of aloosely focused laser beam
into the near, due to the creation of locaized surface plasmons[10, 11]. Here, we show an overview of
these different approaches, especially gold-nanoparticles and nanostructured surfaces and presenting
our work with different laser systems at 532 nm and 800 nm with pulse durations in the ps- and fs-
regime.

Methods

Before experimental use, the different shapes of nanostructures on surfaces and sizes nanoparticles
were modeled within COMSOL Physics (Multiphysics 4.2a) using a Finite Element Method (FEM)
and the software DDSCAT. Different sizes of gold nanoparticles were ssimulated (between 20 nm and
200 nm) and different surface structures, as for example nanoparticles attached to a surface or other
structures. The irradiation wavelength was varied between 400 nm — 1100 nm and the near-field en-
hancement was calculated (n=|E|/|EQ]|). To study different wavelengths, an ultrashort tunable oscillator
(COHERENT, Ultra Il) was used, delivering 140 fs pulses at 80 MHz with a maximum output power
of 4 W and a wavelength range between 680-1080 nm. Additionally, a microchip laser (HORUS LA-
SER) at 532 nm and 850 ps pulse duration at 20 kHz with an output power of 100 mW and afs-Laser
system (Spitfire Pro, Newport Corp., USA) at 120 fs and 796 nm with an output power of 2.1 W at
5 kHz were used to excite at the plasmon resonance of gold. The structures and particles were incu-
bated with different standard cell lines and seeded 24 h before manipulation. As a standard molecule,
lucifer yellow, a membrane impermeable dye was used to monitor the uptake of extracellular mole-
cules upon laser irradiation.

Results

Using different substrates and shapes, successful cell manipulation (uptake of membrane imperme-
able extracellular molecules) could be demonstrated. Based on the mechanistic investigations, we as-
sume that an enhancement of the near field occurs at AuNP clusters. This leads to the generation of a
low density plasma with multiphoton ionization of the surrounding liquid, which in turn perforates the
cell membrane. The found effects correlated well with the findings from the simulations.
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Discussion

The plasmon-based cell perforation using different shapes and structures heavily depends on size,
geometry and illumination parameters (pulse duration and wavelength), see fig. 1. Especially the
charge of DNA apparently plays a role in nanoparticles based delivery approaches. Different mechan-
isms can play arole in permeabilizing the membrane, leading for example to a thermal fragmentation
of the particles after exposition at 532 nm in the ps regime, whereas nearly no thermal melting of
structures or particles was found at NIR wavelengths in the fs regime [13]. Furthermore, the relation
between plasmon resonance and illuminating wavelength plays an important role as well. This has
consequences for possible applications, as thermally denatured particles might act toxic in vivo appli-
cations, whereas they might prove useful for screening applications [14].
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Fig. 1. (Left) Influence of cell size on delivery efficiency. Different cell types were used in combination
with Lucifer Yellow as marker. (Right) Influence of molecule size on delivery efficiency, increasing molecule size leads
to less efficient delivery [12]

Conclusion

Using gold-coated nanostructures and nanoparticles, the transient perforation of cell membranes by
laser irradiation could be shown. Due to the moderate focusing conditions, high throughput using mul-
ti-well platesis enabled, allowing applications in siRNA-screening or gene knockdown. Depending on
laser wavelength and pulse duration, different fundamental mechanisms for creating the membrane
opening are found.
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Abstract. A number of modern optical methods were tested to find the optimal way for monitoring the sta-
tus of mammalian ovary during preimplantation development without losing the gametes and embryos quality.
We demonstrate the possibility to use Raman microspectroscopy, 2-photon excited fluorescence spectroscopy
and lifetime imaging and have selected appropriate and safety parameters of laser exposure. The measured spec-
tra and images allow analyzing the embryo state without destructive effects on further development.

In this era of rapid development of artificial reproductive technologies, an increasing number of
pre-implantation embryos are manipulated and treated in vitro. Accordingly, it becomes a paramount
importance in developing more readily reproducible robust non-destructive and low invasive fast and
precise test of the quality of the material in use for appropriate purpose.

This problem is very significant in reproductive medicine in increasing the efficiency of applied in-
vitro methods, and to reduce the risk of the necessity of repeated procedures, etc. Moreover, this is
also atopical problemin Artificial Reproductive Technologies applied in agricultural animal industry,
and can be met at using laboratory animalsin research procedures as well.

Hence, finding the correct methods to determine the quality of the gametes and embryos and to es-
timate the degree of active development has great fundamental significance for understanding the me-
chanisms of development including investigation of Embryonic Stem Cells (ESC) origin.

Today, two kinds of methods in wide use, in this area, are (1) embryo destruction and (2) live ob-
ject metabolomics [1] which allows to study biochemical process; and time lapse study of morphol og-
ical dynamics. Here, we propose that laser methods facilitate the investigation of the mentioned para-
meters in one step.

The laser based methods possesses several advantages as it provides a platform for nondestructive,
noninvasive way of extracting maximum reliable information concerning state, or condition of early
mammalian embryos (EME).

In the present work, different optical-spectral methods, as indicated below, are used and their ap-
plicability is compared and discussed for diagnostics and control of conditions of gametes and em-
bryos:

— Raman spectroscopy, including Raman imaging, was used; the spectra in different localizations
inside the EME and in different stages of development were measured and analyzed.

— Fluorescence lifetime imaging (FLIM) with 2-photon excitation was used to analyze autofluores-
cence from metabolic cofactors reduced nicotinamide adenine dinucleotide (NADH) and flavin ade-
nine dinucleotide (FAD). The lifetimes al through the embryo were measured and distribution of life-
times and intensity of 2-photon excited autofluorescence in different areas were analyzed to under-
stand a relation between metabolic processes, their dynamics in various stages of development of ga-
metes and embryos.

— Multispectral imaging of embryos in transmission mode of light was obtained for estimation of
embryos state.

— Estimation of in vitro development of EME was done via 2-photon excitation of stained nuclei to
count cells.

The main criterion, for al investigation methods applied to living embryos in this study, was to
find the optimal parameters of laser trestment which doesn’t affect the further embryo development
with high precision. The laser wavel ength, exposure powers and times were selected as the parameters
and optimized to provide nondestructive effect on the embryonic development which proceeded as
close as possibly to the control samples.
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(b)

Estimation of in vitro cultered embryo quality after Raman investigation by nuclear number counting.
2-photon fluorescence images of the embryo cell’s nuclei were stained with Hoechst33342 in (a) sample
(embryo cells after 72h Raman studies); (b) control. For 2-p excitation with 740 nm fs laser was used
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Abstract. We present optical nanoimaging system and demonstrate the observation of biological specimens
without any stained process. The electron-beam excited assisted (EXA) optical microscope has a few tens nano-
meter spatial resolution laterally and is possible to observe dynamic behaviors of specimensin various surround-
ings such as air or liquids. In the EXA-microscope, a nano-light source in a few nanometers size is excited by
focused electron beam in an emission layer. We have successfully observed fine structures of the cells without
any stain process.

1. Introduction

Nanoimaging of specimens in liquid conditions are highly required in various applications such as
analysis of colloidal solutions, observation of microcrystal growth and self-assembly process, etc. Es-
pecially, imaging of biological specimens with high resolution is crucia for a deeper understanding of
cell functions. Fluorescence microscopy has been widely used to anayze the dynamic behavior of cel-
lular componentsin living cells, because stained molecules of interest in the specimens can be imaged
with high contrast [1, 2].

In this paper, we present the evaluation of spatial resolution of EXA microscope and application to
observation of cultured biological cells. We have successfully observed the fine structure of intercellu-
lar granules in Hel a cells without any stain process.

2. Development of EXA microscope

Figure 1(a) shows schematic diagram of the proposed EXA microscope and Fig. 1(b) shows the
principle of optical scanning imaging with electron beam excitation. As shown in Fig. 1(b), an electron
beam is focused on a luminescent film and excited the point light source. Since the electron beam is
focused in a few nanometer size, it is possible to excite nanometric point light source. A specimen is
put on the luminescent film directly. The light source illuminates the specimen, and the scattered or
transmitted light is detected with an optical microscope system as shown in Fig. 1(a). A photo-
multiplier tube (PMT) is used for detection of the light. By scanning the electron beam, the light
source can be scanned for forming of observation image.

In the developed EXA microscope, the focused € ectron beam limits the size of optical light source. The
nanometric light source is main factor to achieve superresolution imaging. A few tens nanometer size opti-
cal spot is produced easily, by eectron beam focused in a few nanometers area. Thisisvery similar to con-
ventional near-field optica microscopes, athough they confine optical spot size with small apertures.

The EXA microscope is possible to observe dynamic activities of living biological specimens with
video frame or faster frame rate, because electron beam can be scanned with modulation of magnetic
or electric field without any mechanical moving parts. Higher signal-to-noise ratio is possible, by us-
ing highly efficient luminescent film for electron beam irradiation. We have successfully observed
intercellular granules without staining process.

(a) - (b)

[Jemr

< —lens .
optical

microscope —am
@omectwe ﬁpecs‘l‘meﬂ
specimen o
lght— 5% emission layer T

ar — & vacuum seal _|
vacuum

ic lens. ——emission layer

~<«—vacuum seal
g g scan coil

nano-light source

SEM

ggnetic lans focused electron beam

electron beam

Aelectron gun
J

Fig. 1. (a) Schematic diagram of EXA microscope. (b) Point light source with electron beam excitation.
The electron beam is focused into a luminescent film and excites the nanometric light source
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To verify feasibility of the high resolution EXA micrascope, we used silicon nitride (SIN) film of
50 nm thickness as a luminescent material and all optical components were inserted in vacuum cham-
ber of scanning electron microscope (SEM) (JEOL, JSM-6390). SIN film emits blue to ultra-violet
(UV) light by irradiation of electron beam. We confirmed in a preliminary experiment that SN film of
50 nm thickness had enough strength to separate 1 atm air pressure from vacuum.

In the experiment, electrons were accelerated with 10 kV voltage and focused to a 8nm diameter
spot on the SIN film to excite nanometric light source. Scattered or transmitted light from the speci-
men was collected by a lens with numerical aperture 0.65 and detected with a photomultiplier tube
(PMT) (Hamamatsu Photonics, R7400-U20). Images were reconstructed from the signal detected with
raster scanning of electron beam using a computer. We used polystyrene latex spheres dispersed on the
SIN film directly as specimens for resolution veri- fication. The latex spheres were dispersed in mono-
layer, which was confirmed with an atomic force microscope (Seiko, SPI-3800).

Figure 2(a) and 2(b) show observation images acquired with the SEM and EXA microscopes, re-
spectively. The two images were acquired successively. The scale bars in the images represent 100 nm
length. The acquisition time of EXA image was 16 minutes at 512 by 512 pixels. The resolution and
signal-to-noise ratio of the SEM image in Fig 2(a) is poor because the SEM image was acquired
through the SiIN membrane. Each latex sphere of 100 nm diameter was observed clearly and its posi-
tion in the EXA image was identified with that in the SEM image. This alows us to conclude that
EXA microscope has resolution higher than the diffraction limit.

=
10kVv  X37,000 O0.5pm 0000 O7 60 SEI
EXA microscope image SEM image

Fig. 2. (a) EXA microscope image of 100 nm latex spheres, (b) SEM image of the same areaasin (a)

Figure 3(a) shows a luminescence image of the cells acquired with the EXA microscope, and
Fig. 3(b) shows a phase contrast microscope image. Cells were observed in culture solution without
any treatments, such as fixation and drying. The shape of each cell was clearly recognized and some
bright spots were observed in cells.

Fig. 3. Observation results of of living MARCO-expressing CHO cells
with (a) EXA microscope and (b) phase contrast microscope
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Abstract. A proton acceleration in thin gold foils irradiated by powerful femtosecond laser pulsesisinves-
tigated by means of 2D3V and fully 3D numerical simulations. In the regime of Target Normal Sheath Accelera-
tion (TNSA) we study the efficiency increase in the presence of a subwavelength grating deposited on an irra-
diated side of the target. The optimal parameters for the highest proton maximal and total energies are found and
theoretically explained.

The laser proton and light-ion acceleration is a perspective source for a hadron cancer therapy [1].
Recent progress in developing Ti:sapphire laser sources producing pulses from several terawatts to
several hundreds terawatts make them wide-spread among laboratories across the whole world [2].
A terawatt-level pulse focusing on a thin metal foil or plastic film is known to produce bunch
of ions with energies of the order of several MeVs [3]. 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 rare target side by electrostatic
forces.

The TNSA scheme though being quite simple has however quite low efficiency. For simple flat
targets only up to several percents of laser energy may be transferred to accelerated protons. Recently
it has been shown that the efficiency may be enhanced by using targets with non-flat front surfaces[4].
The irregularities increase laser-target coupling leading to higher electron temperatures and/or higher
number of heated electrons. So the energies of accelerated protons are increasing as well.

Here we report on an extensive numerical study performed by us on the efficiency of proton accele-
ration process in targets with rectangular surface grating. We vary parameters of the grating (period,
width and height of aledge) seeking for a range in which the total energy and maximal energy of pro-
tons are maximal for a given laser pulse.

By means of 2D3V simulations performed with PICADOR code [5, 6] we found that optimal pa-
rameters for maximal energy and total energy are significantly different. The total energy is max-
imized in the region where laser efficiently heats high number of electronsto arelatively low tempera-
ture. Whereas the maximal energy is maximized in the region where the number of hot electronsis not
very high but they have much higher temperature.

By means of fully 3D simulations we investigated the difference between three type of rectangular
gratings: brush, holes and rods. We found that the results for brush and holes are close to each other
and to the 2D3V simulations. The case of rods differs significantly. It has different optimal parameters
and the overall efficiency is somewhat lower at least in the investigated parameters range.

In the work we investigated a joule-level 40-fs laser pulse and found that even though the grating
increase acceleration efficiency up to several times comparing to flat targets, the energy of protons and
their number is still insufficient for such a demanding application as the proton therapy. So laser sys
tems with higher pulse energies and at the same time high repetition rate and good repeatability are
badly needed. Structured targets, however, may somewhat ease those requirements bringing a day
when the laser based proton therapy will curefirst patient closer.
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WAVELENGTH DEPENDENCE OF OPTICAL BREAKDOWN IN WATER:
CONCLUSIONS FOR THE BAND STRUCTURE OF WATER
AND THE INTERPLAY OF MULTIPHOTON AND AVALANCHE IONIZATION
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Abstract. Investigation of the wavelength dependence (725 — 1025 nm) of the threshold for nanosecond
optical breakdown in water revealed steps consistent with breakdown initiation by multiphoton ionization, with
an initiation energy of about 6.6 eV. Thisvalue is considerably smaller than the autoionization threshold of about
9.5 eV, which can be regarded as band gap relevant for avalanche ionization. Breakdown initiation is likely to
occur viaexcitation of a valence band electron into a solvated state, followed by rapid excitation into the conduc-
tion band. Theoretical analysis based on these assumptions suggests a pronounced wavelength dependence of the
seed electron density required for initiating avalanche ionization.

IR laser-induced breakdown in water and aqueous media is utilized for microsurgery in transparent
tissues and cells as well as for producing spherical bubblesin basic investigations of cavitation bubble
dynamics. Theoretical modeling of the breakdown process requires a clear picture on the fundamental
mechanisms providing seed el ectrons for avalanche ionization, as well as a profound knowledge of the
band structure of liquid water and the possible excitation pathways. We present a novel technique of
optical breakdown threshold spectroscopy that addresses both issues by investigating the wavelength
dependence of the breakdown threshold in water for nanosecond (ns) IR laser pulses.

Avalanche ionization is the most powerful mechanism driving IR ns laser-induced dielectric break-
down. It depends on the availability of seed electrons in the conduction band that can gain energy
through inverse Bremsstrahlung absorption and multiply by impact ionization. For ns breakdown, it is
still a matter of debate whether such seed electrons are available as background electrons, formed at
impurities, or whether they are generated by multiphoton ionization (MPI) of the water itself. If break-
down initiation depends on MPI, the wavelength dependence of the breakdown threshold, I (4),
should exhibit a sharp rise whenever one photon more is needed to overcome the initiation energy E;.
By contragt, if it relies on background electrons or thermal ionization of impurities, the 1(1) curve
should vary monotonoudly.

To date, optical breakdown models treat water as amorphous semiconductor and identify E;; with
the band gap energy. However, spectroscopic evidence collected in the past two decades suggests that
this approach oversimplifies the band structure and that direct ionization occurs only at considerably
higher excitation energies of > 9.5 eV. The previously a ssumed “ionization energy” of 6.5 €V turned
out to be the minimum energy needed for excitation of avalence band electron into a solvated state.

We investigated the optical breakdown threshold in water at 21 wavelengths between 725 nm and
1025 nm using bubble formation as threshold criterion [1]. Measurements were performed using 2-ns
IR single-longitudinal mode laser pulses providing a smooth, reproducible temporal pulse shape that is
essential for a precise threshold determination. Figure 1 shows the existence of steps in the Iy(4)
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Fig. 1. Wavelength dependence of the irradiance threshold for optical breakdown in water pro-
duced by 2-ns laser pulses, compared with model predictions (black ling). The steps in the 1;,(4)
spectrum indicate multiphoton initiation of breakdown spectrum verifying multiphoton-initiation
of nanosecond IR breakdown. The steps in the 1y,(4) spectrum are consistent with an initiation
energy of ~ 6.6 eV which is considerably smaller than the band gap energy of ~ 9.5 eV.
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We conclude that breakdown initiation likely occurs via excitation of avalence band electron into a
solvated state, followed by rapid excitation into the conduction band. Therefore, an additiona “initia-
tion channel” involving an intermediate energy level must be introduced into breakdown models for
water. Theoretical analysis of the measurement results corroborated our hypothesis on breakdown init-
iation.

Fitting of model predictions to I(4) as shown in Fig. 1 revealed that the seed electron density re-
quired to initiate avalanche ionization drops from above 10™ cm™® at 725 nm to below 10* cm™® at
1025 nm. Similar seed eectron densities as in water will probably be needed also for plasma forma-
tion in transparent cells and tissues. However, in those media bio-molecules can provide additional
sources for free-electron generation, and the breakdown threshold may be lowered.
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ADVANCED CONCEPTSFOR CORNEAL DISSECTION
BY FEMTOSECOND AND PICOSECOND LASER PULSES:
FOCUS SHAPING AND WAVELENGTH TUNING
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Abstract. Refractive surgeries like LASIK and SMILE are based on corneal dissection by focusing laser
pulses in a raster pattern into the corneal stroma. Improvements of the cutting quality can be achieved by em-
ploying a vortex beam that has a ring-shape focus, with the same length in axial direction asfor a Gaussian beam
but atwo-fold larger diameter. This facilitates cleavage along the corneal lamellae and allows cutting with lower
plasma energy density, higher precision and less mechanical side effects. Further improvements can be achieved
by use of shorter wavelengths than the commonly used IR wavelength.

1. Introduction

Two strategies are presently used for corneal refractive surgery: In LASIK, an incision parallel to
the corneal surface creates athin ‘flap’, and excimer laser ablation of stromal material corrects the re-
fractive error. In SMILE, two intrastromal incisions produce a lenticule that is removed with forceps
through small side cuts. This allows for a one-step refractive correction without flap lifting. For dis-
section, laser pulses are in both procedures focused in a raster pattern into the corneal stroma, and
plasma-induced microexplosions generate cavitation bubbles that cleave the lamellae.

Cutting precision is compromised by the elongated shape of the laser plasma, which is oriented
aong the optical axis, i.e. perpendicular to the desired cutting direction. Substantial improvements of
the cutting quality can be achieved by converting the linear polarized Gaussian beam into a helically
phased “vortex” beam by means of a spira phase plate. The laser focus then has a ring-shape, with the
same length in axial direction as for a Gaussian beam but a larger diameter (Fig. 1). This facilitates
cleavage along the cornea lamellae, enabling to cut with lower plasma energy density, higher preci-
sion and less mechanical side effects. Further improvements can be achieved by using a laser wave-
length considerably shorter than the commonly used IR wavel engths around 1040 nm.
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Fig. 1. Calculated focus shapes of Gaussian beam (@) and vortex beam (b)
for the same focusing angle [1]. The focus shapes are shown in top and side view

2. Methods

Laser-induced bubble formation in corneal stroma is investigated by high-speed photography at
1-50 million frames/s. Incident and absorbed laser energy needed for easy removal of flaps created in
porcine corneas are determined for Gaussian and vortex beams with pulse durations from 200 fs to
9 ps for IR wavelengths and 1 ps to 850 ps for UVA wavelengths. For each laser parameter, cutting
dynamics and amount of bubble production are documented by video and macro-photography. The
cutting quality isinvestigated by scanning electron microscopy.
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3. Results

Time-resolved photography demonstrates that laser-induced cavitation bubbles exhibit a lobular
shape and extend over a depth of several lamellae (Fig. 2a). This makes it difficult to achieve homo-
genous, smooth cuts. Cutting quality can be improved and tissue bridges reduced by strategies which
provide short plasma and facilitate cleavage along the corneal lamellae. This can be achieved by use of
short wavelengths, large NAs, and vortex beams. The excellent cutting precision achievable with UVA
picosecond lasers is shown in Fig. 2(b). The short, donut-shaped focus produced by vortex beams

a) b)
Fig. 2. (a) High-speed photography of cavitation bubble dynamicsin porcine cornea, (b) scanning elec-
tron microscopic images of aflap cut produced with an UV A laser (355 nm, 550 ps) at NA = 0.38

alows for efficient and precise dissection along the corneal lamellae. For all pulse durations and wa-
velengths investigated, the incident laser pulse energy required for flap cutting was higher for vortex
than for Gaussian beams (Fig. 3 @), but the efficient cutting mechanism resulted in a dramatic reduc-
tion of the absorbed energy needed for cutting and thus of mechanica side effects, especialy for UVA
pulses (Fig. 3b). Furthermore, we found that the use of a vortex beam strongly diminishes bubble for-
mation in the cutting plane, and leads to a smoother dissection.
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Fig. 3. (a) Incident and (b) absorbed pulse energy required for flap cutting with UVA and IR laser pulsesin
dependence on pulse duration. Flap cutting was performed with 6 pm x 6 pm spot separation at NA = 0.38

4. Conclusions

Focus shaping and use of shorter wavelengths open new avenues in refractive surgery. A com-
bination of UVA laser pulses with vortex beams for corneal dissection may provide the option to re-
place femtosecond lasers by compact UVA laser technology. Ring foci from vortex beams generally
improve precision and efficiency of cuts, regardless of wavelength and pulse duration.
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The reduced bubble formation in the cutting plane is of interest both for LASIK and SMILE.
In LASIK, it facilitates pupil tracking in subsequent excimer laser surgery, and the reduction of me-
chanical side effects may decrease the incidence of diffuse lamellar keratitis (DLK). In SMILE, the
refractive outcome largely relies on the precision of lenticule dissection which can be increased by
minimizing the amount of bubble formation.
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Abstract. A lendess x-ray microscope was used for biological imaging. The light source was a laser-plasma
wakefield accelerator driven by 10 J, 45 fslaser pulses producing 0.5-1 GeV e ectron bunches. The betatron motion
of the electrons in the plasma structure generates a synchrotron like x-ray beam with 30 keV critica energy,
10° photons per shot with a micron scale source size. The x-ray beam was used in phase-contrast and absorption-
contrast configurations to image soft (prostate) and hard (bone) tissue samples with a few-micron resolution.

L aser-plasma wakefield accelerators [1, 2] using Ti:Sapphire laser pulses with energies of 10 J and
durations of 50 fs can produce electron bunches with charges of a few tens of pC and energies of
1 GeV. The plasma accelerator parameters (mainly laser spot size, and pulse energy and duration as
well as gas-target density, length and position) can be optimized to reduce the amplitude of the beta-
tron motion of the electron bunch in the plasma accelerating structure. The radiation generated by the
electron betatron motion in the plasma accelerating structure [3-5] possesses favourable characteris-
tics for imaging, namely a high brilliance, small source-size and short pulse duration. The resolution
obtained with lenseless imaging is limited by the radiation source size. Therefore the reduction of the
x-ray betatron source size (to a few microns) allows features of similar size to be resolved. Thisis es-
pecially important for x-ray energies where optics are not practical or inexistent. Moreover, the small
source size allows for phase-contrast imaging due to the consequent high spatial coherence of the
beam. The disadvantage of the source size reduction is a significant reduction in the x-ray yield. How-
ever, the high energy of the electron bunch (1 GeV) compensates the betatron radius reduction and the
final number of photons on the detectors is still adequate for high imaging quality over both the 5—
9 keV and 5-50 keV windows.

An experiment dedicated to study the application of betatron radiation towards high-resolution bio-
logical imaging was carried out on the Astra-Gemini Laser facility, UK. We used a standard setup for
relativistic electron acceleration, focusing the 15 J, 45 fs, 800 nm laser beam into a 20 micron spot,
coincident with a variable length helium filled gas cell with sub-mm apertures on the laser axis for the
propagation of the beams. For these laser parameters the gas pressure and length producing the highest
resolution images were 60 mbar and 10 mm respectively. This resulted in electron beams with ener-
giesin therange 0.7-1.1 GeV and charges < 100 pC. Both the laser and the electron beams were re-
moved from the accelerator axis by a reflective foil and a magnetic field respectively, alowing the
placement of samples as close as 0.4 meters from the x-ray source and resulting in geometric magnifi-
cations of up to 8.7. Phase-contrast images of millimeter thick fixed and paraffin embedded prostate
slices were obtained in this configuration using a direct detection x-ray CCD (sensitive to the x-raysin
the range 5-9 keV). The field of view in the sample plane, limited by the detector size, necessitated a
raster scan with images taken by displacing the sample by 2mm in both vertical and horizontal direc-
tions. The resulting images were processed by removing noise, correcting for the beam profile and
stitched together to form a composite phase-contrast image of the whole sample. In figure 1 (left) we
present the composite image for a millimeter thick sample.

This resolution of thisimageis close to what can be obtained with histology techniques. In contrast
with these techniques, we are able to resolve the interior structure of the tissue inside the sample dice
along with the surface detail.
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Fig. 1. Raster scan image of amillimeter thick prostate sample obtained in phase-contrast using betatron
x-rays in the range 5-9 keV (left). Single-shot x-ray image of a cylindrical femoral sample of trabecular
bone obtained using betatron x-rays in the range 20-50 keV (right)

By changing the x-ray detector to a scintillator based x-ray CCD and using filters it was possible to
move the detection window to the 20-50 keV range. This setup provided adequate absorption contrast
for imaging of a 7 mm thick sample of femoral trabecular bone. An image of this sample obtained in a
single shot is presented in figure 1 (right). Similar images were obtained for 180 different exposure
angles and were used to produce a tomographic reconstruction of the sample to a resolution of approx-
imately 50 microns.

In conclusion, we report on the development of a compact x-ray light source based on laser-plasma
wakefield acceleration as well as its application in biological imaging. The source presents an ade-
quate combination of characteristics to be used in micron-resolution biological and medical imaging
from thin and soft tissue samples in propagation based phase-contrast to hard samples in absorption
contrast.
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Abstract. Femtosecond lasers for refractive corneal surgery (fs-LASIK) have increased their market share
from O percent in 2001 to over 55 percent in 2010. Now, in cataract surgery a similar revolution may take place.
What makes this technology so special and which new areas of surgery will furthermore be entered in the future?
This review elucidates the most important technical features of the fs lasers and interaction processes with the
tissue in Ophthalmology. It is intended to provide an overview of the current clinical situation on the one hand.
In addition, it can be estimated what kind of short- and long-term development this technology could take in the
future.

198



Invited
TOWARDSLASER-DRIVEN ION SOURCESFOR RADIOTHERAPY

J. Metzkes"®, M. Baumann®**, E. Beyreuther?, M. Bussmann?, T.E. Cowan®°, W. Enghar dt***,
L.Karsch®, T. Kluge?, SD. Kraft?, F. Kroll?®, L. Laschinsky®, U. Masood®®, M. Oppelt®®,
J. Pawelke?®, C. Richter®, R. Sauerbrey?®, U. Schramm?®, M. Schiirer®, M. Siebold? and K. Ze&il?

! Helmholtz-Zentrum Dresden — Rossendorf, Dresden, Germany, j.metzkes@hzdr.de
2Helmholtz-Zentrum Dresden — Rossendorf, Dresden, Germany
% OncoRay — National Center for Radiation Research in Oncology, Dresden, Germany
* Klinik fr Strahlentherapie und Radioonkologie, Universitatsklinikum Carl Gustav Carus der TU Dresden,
Dresden, Germany
®Technische Universitét Dresden, Dresden, Germany

Abstract. The talk gives an overview over the multi-disciplinary research program in Dresden, which aims
at the development of laser-driven ion sources for radiotherapy, including the trandation of the technology into
clinical application. The progress of the program will be discussed by presenting experimental results from the

last years and discussing the laser facility at the Helmholtz-Zentrum Dresden — Rossendorf.

Laser-driven ion sources (LDIS) exploit the extremely high electric fields (TV/m) that can be sup-
ported in laser-produced plasmas. These extreme fields, exceeding the capabilities of conventional
accelerators by six orders of magnitude, considerably reduce the necessary accelerator length and
render possible compact L D1S-based particle accelerators.

The most matured physical mechanism underlying LDIS is target normal sheath acceleration
(TNSA) [1-3]. In TNSA, an ultra-intense (1~10"~10 W/cm?) laser pulse (1~10-100 fs) irradiates the
surface of aum thick solid target, rapidly ionizing the material and creating a plasma. Electrons, oscil-
lating in the electric component of the laser field, gain relativistic energies and set-up quasi-static elec-
tric space-charge fields at the target surfaces, which serve the acceleration of ions. LDIS can produce
~10 MeV/nucleon protons and ions on ~um spatial scales. In combination with the favorable proper-
ties of laser-accelerated ions, such as their high flux, the ps pulse duration at the source and the high
laminarity, LDIS are potentially advantageous for numerous applications [4, 5]. LDIS-based particles
sources for radiation therapy of cancer are one of the currently pursued fields of application [4, 5].

In this talk, the according effort in Dresden (Germany) will be presented, which is a multi-
disciplinary project aiming at the trandation of the LDIS technology into clinically applicable ma-
chines for radiation therapy. As a cooperation of clinical-based institutions (OncoRay — National Cen-
ter for Radiation Research in Oncology, Technische Universitét Dresden) as well as groups focused on
laser-plasma research (Helmholtz-Zentrum Dresden — Rossendorf, HZDR), the project encompasses
the entire task area from developing the laser-driven accelerator, designing pulsed magnet beam deli-
very systems [6-8], developing dosimetry for pulsed sources [9] and studying the in vitro and in vivo
radiobiological effectiveness of |aser-accelerated protons [10, 11].

For the accelerator research, the HZDR operates the 150 TW, high repetition rate (10 Hz), ultra-
short pulse (t=30 fs) laser system Draco, which is based on the chirped pulse amplification (CPA)
technique. By achieving maximum proton energies of up to 20 MeV at the Draco system, it was prov-
en that CPA-based ultra-short pulse lasers — capable of ~Hz repetition rates in contrast to high energy,
long pulse laser systems — can serve as efficient drivers for LDIS [12]. The development of LDIS is
further strongly advanced by rapid progress in laser technology, which leads to an increasing availabil -
ity of CPA ultra-short pulse PW laser sources with Hz repetition rate [13]. Laser power scalings for
TNSA predict that particularly protons with kinetic energies exceeding 100 MeV will be achievable
with this class of |aser systems[14].

At the HZDR, a dual approach is taken regarding PW class laser system development. On the one
hand, the 150 TW Draco laser system is currently upgraded to a dual beam facility, delivering in its
final setup two simultaneously usable laser pulses at 150 TW and 1 PW which can be synchronized at
the interaction point. Moreover, the diode-pumped PW laser system PENELOPE (Petawatt, Energy-
Efficient Laser for Optical Plasma Experiments) is devel oped in-house [15].

Sufficient particle energies of ~200 MeV are a precondition for LDIS to be used for the treatment of
deep-lying tumors. Besides laser development, an increase of the available proton energies from laser-
driven sources is approached by optimization of the acceleration process itsdlf, e.g. by using specific tar-
get designs. At the HZDR and in a cooperation at the LULI laser facility, the effect of reduced mass tar-
gets, i.e. targets with afinite transverse size, was investigated experimentally [16, 17]. Both experiments
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showed approximately a doubling of the maximum proton energy and an increase in particle yield when
comparing large foils and the optimal RMT size [16, 17]. This is attributed to a refluxing of the laser-
accelerated electrons within the target volume, which leads to an increased electron density, temperature,
homogeneity and particle source size in the accelerating Debye sheath [16, 17].

In the last years, the available high repetition rate ~100 TW laser systems have been used for radi-
obiological studies with laser-accelerated protons by a number of groups [4, 5]. These studies mark a
necessary step towards medicaly applied laser-based accelerator since the properties of laser-
accelerated proton pulses differ significantly from the radiation delivered by conventiona proton
sources (e.g. cyclotrons) regarding the pulse structure, peak current and spectrum. Hence, an experi-
mental comparison of the biological effectiveness of both radiation qualities is mandatory. The studies
performed at the 150 TW Draco laser system indicated no significant difference in the biological ef-
fectiveness [11]. Regarding the performance of the laser-based accelerator, the key result is however
the achieved dose uncertainty AD/D below 10% averaged over all individua cell samples irradiated,
comparable to conventiona irradiation data [11]. Basis for this achievement is firstly, a dedicated do-
simetry system combining absolute and online relative dose measurements, both adapted to the proper-
ties of laser-accelerated proton pulses [9], and secondly, a high stability of the laser system and the
laser-target interaction conditions [10, 11]. The next step are in vivo irradiations using the Draco PW
laser system and a pulsed magnet based beam delivery [11].

Acknowledgements

The work has been supported by the German Federal Ministry of Education and Research (BMBF)
under contract number 03Z1K 445.

References

S.P. Hatchett et al., PoP, 2000, 7(5), 2076.
2. R.A. Snavely et al., Phys.Rev. Lett., 2000, 85(14), 2945.
3. S.C.Wilksetal., PoP, 2001, 8(2), 542.
4. H.Daido et al., Rep. Prog. Phys., 2012, 75(5), 056401.
5. A. Macchi et al., Rev. Mod. Phys., 2013, 85(2), 751.
6. T.BurrisMog et al., Phys. Rev. STAB, 2011, 14, 121301.
7. S Busold et al., Phys. Rev. STAB, 2013, 16(10), 101302.
8. U.Masood et al., Appl. Phys. B, 2014, 117(1), 41.
9. C. Richter et al., Phys. Med. Biol., 2011, 56(6), 1529.
10. SD. Kraft et al, New. J. Phys., 2010, 12(8), 85003.
11. K. Zeil et al., Appl. Phys. B, 2012, 110(4), 437.
12. K. Zeil et al. Nat. Com., 2012, 3, 874.
13. T.M. Jeong et al., Ann. Phys., 2014, 526(3), 157.
14. T.Klugeet al., Phys. Rev. Lett., 2011, 107(20), 205003.
15. M. Siebold et al., Proc. SPIE, 2013, 8708, 870805.
16. S. Buffechoux et al., Phys. Rev. Lett., 2010, 105(1), 15005.
17. K. Zeil et al., Plasma Phys. Control. Fusion, 2014, 56(8), 084004.

200



Invited
NANOPLASMONICSENHANCED ULTRAFAST LASER NANOSURGERY

M. Meunier

Polytechnique Montréal, Montréal, Canada
Michel.meunier@polymtl.ca

Abstract. In this invited talk, | will review recent developments of the fundamentals and applications of
nanoplasmonics enhanced ultrafast laser nanosurgery of living cells. Modeling and experiments were developed
to understand the basic phenomena occurring during ultrafast laser irradiation of plasmonics nanostructures. Ap-
plicationsin laser optoporation and transfection of cells will be discussed.

Irradiating metallic nanostructures by a femtosecond laser beam produces highly localised proc-
esses 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 bio-
logical 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[1-12].

Fundamentals

A complete partid differential equation based model has been developed to describe the interaction
of an ultrafast laser with a plasmonic nanostructure in water [2-3]. Apart from heating the structure
itself, it is shown that this interaction also leads to the generation of a plasmain the water medium and
to the production of a strong pressure wave and a nanobubble in the vicinity of the structure. Plasma
collision and relaxation are shown to be the main source of mechanical stress in the medium and the
dominant factor for the pressure wave and bubble creation.

An all-optical technique able to detect plasmonic enhanced bubble formation and pressure wave
generation is also presented [2, 6-7]. Results show that for longer pulses, bubbles are independent of
the polarization, in agreement with a linear thermally induced formation mechanism. In opposition, for
shorter femtosecond pulses, bubble sizes are shown to depend on the polarization, a characteristic sig-
nature of nonlinear energy absorption in the near-field of the particle. This result thus offers a simple
and intuitive demonstration that strongly supports plasma-mediated mechanism for off-resonance ul-
trafast laser nanocavitation.

We also demonstrated with a single-particle monitoring that 100 nm AuNPs irradiated by off-
resonance femtosecond (fs) laser in the tissue therapeutic optical window (A = 800 nm), can act as a dur-
able nanolenses in liquid and provoke nanocavitation while remaining intact [9, 11]. We observed an
effective laser processing window, ranging from 145 mJcm? to 240 mJYcn?, in which, the plasmonic
AUNPs act as durable nanolenses, resulting in successive generation of multiple nanobubbles (radius:
550 nm—700 nm, lifetime: 34 ns— 44 ns). The latter is of significant importance for future development
of in-vivo AuNP-assisted laser nanosurgery and theranostic applications, where AuNP fragmentation
should be avoided to prevent side effects, such as cytotoxicity and immune system's response.

Applicationsin nanomedecine

These nanoparticles could be functionalized to target specific biological entities, thus performing
multiple targeted surgeries on the nanoscale (10). As an example, the laser nanosurgery technique was
employed to perform gene transfection in living cell with an optoporation efficiency as high as 80%
[1]. For human cancer melanoma cells, the treatment leads to a very high perforation rate of 70%,
transfection efficiency three times higher than for conventional lipofection, and very low toxicity
(< 1%) [1]. Off-resonance laser excitation inhibited the fracture of the nanoparticles into possibly toxic
DNA intercalating particles. This efficient and low toxicity method is a promising alternative to viral
transfection for skin cancer treatment. Our laser technique shows promises as an innovative tool for
fundamental research in biology and medicine as well as an efficient aternative nanosurgery technol-
ogy that could be adapted to therapeutic toolsin the clinic. It is now being developed in close collabo-
ration with researchers in hospita for applications in cancer treatment, ophthalmology and neurology.
Recent developments in these fields will aso be presented.

References

1. J Baumgart, L. Humbert, E. Boulais, R. Lachaine, J.J. Lebrun, and M. Meunier, "Off-resonance plas-
monic enhanced femtosecond laser optoporation and transfection of cancer cells', Biomaterials, 2012,
33, 2345-2350.

201


http://www.groupes.polymtl.ca/lpl/sites/default/files/Baumgart2012.pdf�
http://www.groupes.polymtl.ca/lpl/sites/default/files/Baumgart2012.pdf�
http://www.groupes.polymtl.ca/lpl/sites/default/files/Baumgart2012.pdf�

10.

11

E. Boulais, R. Lachaine ,and M. Meunier, "Plasma mediated off-resonance plasmonic enhanced ultrafast
laser induced nanocavitation", Nanoletters, 2012, 12, 4763-4769.

E. Boulais, R. Lachaine, A. Hatef, and M. Meunier, "Plasmonics for pulsed-laser cell nanosurgery: fun-
damentals and applications’, Journal of Photochemistry and Photobiology C, 2013, 17, 26-49.

E. Boulais, R. Lachaine, and M. Meunier, "Plasma-Mediated Nanocavitation and Photothermal Effects
in Ultrafast Laser Irradiation of Gold Nanorods in Water", J. Physical Chemistry C, 2013, 117, 9386-
9396.

B. St-Louis Lalonde, E. Boulais, J.J. Lebrun, and M. Meunier, "Visible and Near infrared resonance
plasmonic enhanced nanosecond laser optoporation of cancer cells’, Biomedical Optics Express, 2013, 4,
490-499.

R. Lachaine, E. Boulais, E. Bourbeau, and M. Meunier, "Effect of pulse duration on plasmonic enhanced
ultrafast laser-induced bubble generation in water", Applied Physics A, 2013, 112(1), 119-122.

R. Lachaine, E. Boulais, and M. Meunier, "From Thermo- to Plasma-Mediated Ultrafast Laser Induced
Plasmonic Nanobubbles®, ACS Photonics, 2014, 1, 331-336.

A. Hatef and M. Meunier, "Plasma-mediated photothermal effects in ultrafast laser irradiation of gold
nanoparticle dimersin water", Optics express, 2015, 23(3), 1967-1980.

C. Boutopoulos, E. Bergeron, and M. Meunier, "Cell perforation mediated by plasmonic bubbles gener-
ated by asingle near infrared femtosecond laser pulse”, accepted in J. of Biophotonics, 2015.

E. Bergeron, C. Boutopoulos, R. Martel, A. Torres, C. Rodriguez, J. Niskanen, J.-J. Lebrun,
F.M. Winnik, P. Sapieha, and M. Meunier, "Cell-specific optoporation with near-infrared ultrafast laser
and functionalized gold nanoparticles', submitted to Biomaterials, 2015.

C. Boutopoulos, A. Hatef, M. Fortin-Deschénes, and M. Meunier, "Dynamic imaging of single gold
nanoparticle in liquid irradiated by off-resonance femtosecond laser”, submitted to Nanoscale, 2015.

202


https://scholar.google.fr/citations?view_op=view_citation&hl=fr&user=OlA7DFQAAAAJ&sortby=pubdate&citation_for_view=OlA7DFQAAAAJ:6bLC7aUMtPcC�
https://scholar.google.fr/citations?view_op=view_citation&hl=fr&user=OlA7DFQAAAAJ&sortby=pubdate&citation_for_view=OlA7DFQAAAAJ:6bLC7aUMtPcC�

Invited

DEVELOPMENT OF HIGHLY FUNCTIONAL ULTRASHORT
PULSE FIBER LASER SOURCESFOR ULTRAHIGH RESOLUTION
OPTICAL COHERENCE TOMOGRAPHY

N. Nishizawa, H. Kawagoe, M. Yamanaka, and S. I shida
Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan, nishizawa@nuee.nagoya-u.ac.jp

Abstract. We have been investigating highly functional ultrashort pulse fiber laser sources for ultrahigh
resolution optical coherence tomography (UHR-OCT). The coherent, low noise, and Gaussian like wideband
supercontinuum (SC) sources were developed at five different wavelength regions between 0.8 and 1.7 um in
order to investigate the wavelength dependence of the OCT imaging. Especially, a SC source at 1.7 um wave-
length region was developed using a carbon nanotube fiber laser. A fiber laser based, rapid, widely wavelength
tunable narrow linewidth source was also developed using nonlinear fiber phenomena. The UHR-OCT imaging
of biological samples were demonstrated using the devel oped SC sources.

Optical coherence tomography (OCT) is an non-demolition, cross-sectional imaging technique us-
ing wideband light source and optica interferometer. The axial resolution of OCT is determined by the
wavelength and bandwidth of the light source, and theoretically, the wider the bandwidth of the light
source is, the higher the axial resolution is.

Supercontinuum (SC) is wideband light source broadened by nonlinear optical effect. Using the ul-
trashort pulse and adequate optical fibers, we can generate coherent, low-noise SC. The spectral shape
can be optimized by the control of pump pulse and nonlinear fibers.

We have been investigating highly functional ultrashort pulse fiber laser sources for ultrahigh reso-
lution (UHR) OCT [1]. Coherent, wideband SC sources were developed at five different wavelength
regions in order to investigate the wavelength dependence of the OCT imaging. A novel, widely, and
rapid wavel ength tunable narrow linewidth source was also demonstrated.

Figure 1 shows the SC generated at 0.8 um wavelength region. A Kerr-lens mode-locked ultrashort
pulse Ti:Sapphire laser and polarization maintaining fiber were used for SC generation. A clean, high
power, Gaussian-like shaped SC was generated. The average power was up to 300 mwW. We confirmed
the coherence and low noise properties for this generated SC [1, 2].

Figure 2 shows the observed UHR-OCT images using the generated high power SC in Fig. 1. The
observed axial resolution was 2 um in tissue and 3 um in air. The high sensitivity of about 100 dB was
achieved. The precise cross-sectiona structures of the biologica samples were clearly observed and
highly sensitive UHR-OCT imaging was achieved [1, 2].

140 nm

Spectral intensity (arb.unit)

700 750 800 850 900 950
Wavelength (nm)

Fig. 1. Optical spectrum of generated supercon- Fig. 2. Observed cross-sectiona images by UHR-OCT
tinuum at 0.8 um wavelength with SC at 0.8 um wavelength, (a) rat trachea, and
(b) protein crystals

Figure 3 shows the ultrashort pulse fiber laser based SC source at wavelength of 1.7 um region [3]. A
high repetition rate, ultrashort pulse fiber laser using single wall carbon nanotube was developed and used
as the seed pulse source. The output pulses were amplified in Er-doped fiber amplifier, and high power ul-
trashort pulses were generated. Then the generated pulses were introduced into polarization maintaining
fiber, and Raman shifted soliton pulses were generated. The generated soliton pulses were picked off with
the long pass filter, and they were coupled into highly nonlinear fibers. Thanks to the ideal shape of soliton
pulse and adequate characteristics of highly nonlinear fiber, a Gaussian-like shaped, low noise, coherent SC
was generated. The bandwidth was 242 nm, and the average power was 60 mW.
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Generally speaking, the OCT imaging of biological samplesis affected by the absorption and scat-
tering, which depend on the wavelength. In order to investigate the wavelength dependence of UHR-
OCT imaging, we developed five SCs and corresponding OCT systems at different wavelength region
between 0.8 and 1.7 um [2]. Figure 4 shows the optical spectra of developed SC sources at five wave-
length regions.
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Fig. 4. Optical spectra of developed SC sources at 0.8~1.7 um wavelength regions

Figure 5 shows the observed UHR-OCT images of pig trachea and human baby tooth at 0.8 and
1.7 um wavelengths. We can see the difference of UHR-OCT images for wavelengths. For 0.8 um
wavelength, the precise structures were observed owing to the highest axial resolution. For 1.7 um
wavelength region, since the effect of scattering is decreased, the deeper penetration depth was
achieved especialy in low water absorption samples. Now we have been investigating the wavelength
dependence of UHR-OCT imaging of several different samples.

Fig. 5. Observed UHR-OCT images a (a, ¢) 0.8 and (b, d) 1.7 um wavelengths,
(a, b) pig trachea, and (c, d) human baby tooth
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Recently, the high speed and highly sensitive OCT imaging using swept sources has been investi-
gating by many groups. Generally, the bandwidth of swept source for OCT islimited by the bandwidth
of the gain devices, and the realization of wideband swept source has been desired to improve the axia

resolution.

Spectral intensity (a.u.)

1L

1600 1650 1700 1750 1800 1850
Wavelength (nm)

Fig. 6. Optical spectra of widely wavelength tunable narrow linewidth source by comb profiled fiber

We have been investigating widely wavelength tunable soliton pulse sources using fiber nonlinear
effect [4]. Recently, we demonstrated spectral compression of the soliton pulses, and we demonstrated
wideband, narrow-linewidth, rapid wavel ength tunable pulse sources. Figure 6 shows the optical spec-
tra of wideband wavelength tunable narrow linewidth source. Using the intensity modulator, we can
tune the wavel ength of the pulse shot by shot.
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Abstract. This study is based on the experimental approach that one of the major mechanisms of laser light
physiological activity is due to the photolysis of NO-containing compounds and subsequent free NO release. In
organism, the most common compounds that can release nitric oxide upon laser irradiation are nitrosyl hemo-
proteins and non-heme complexes. We present the experimental data that demonstrates that enzymatic activity of
some proteins or mitochondrial respiration can be inhibited by nitric oxide and restored by low power laser irrad-
iation. These effects of laser radiation can affect tissue microcirculation.

Effects on proteins

Hemoglobin and cytochrome ¢ can effectively react with nitric oxide to produce corresponding ni-
trosyl complexes. These complexes are photosensitive and can undergo decomposition upon laser ir-
radiation to release free nitric oxide. Nitrosyl complex production results in the inhibition of hemoglo-
bin oxygen transport and cytochrome ¢ electron transport. Decomposition of these complexes restores
the protein function.

Effects on mitochondria

When liver mitochondria are subjected to nitric oxide or NO synthesis in tissues is activated by li-
popolysaccharide injection, nitrosyl complexes of mitochondria electron transport proteins are pro-
duced. Formation of nitrosyl complexes inhibits mitochondria respiration in a concentrati on-dependent
manner. Low power laser radiation can destroy nitrosyl complexes and restore mitochondrial respira-
tion.

Effects on microcirculation

Decomposition of hemoglobin nitrosyl complexes upon radiation can be used to deliver nitric oxide
to the tissues. We demonstrated that if erythrocytes, containing nitrosylated hemoglobin, are injected
into the blood vessel and these vesseals are subjected to irradiation than the enhancement of microcir-
culation is observed. This effect can facilitate skin flap engraftment upon transplantation.
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Abstract. Effects of mice preimplantation embryo viability and development after laser femtosecond treat-
ment with various pulse energies and pulse duration have been studied. It was shown that femtosecond laser
treatment of 2 cell embryo does not sufficiently affect devel opment to the blastocyst stage at low energies. Inves-
tigation of blastocyst cell number of treated and untreated embryos have shown that treated embryos has suffi-
ciently lower cell number, even if they were not fused after exposure to laser beam. Also comparison of nucleus
area in diploid and tetraploid blastocysts has demonstrated that tetraploid nucleuses are two time bigger then
diploid ones.

Femtosecond (fs) laser nanosurgery is a novel method for manipulations with cellular organelles
[1] [2] , individua cdls[3], embryos[4, 5] and tissues [6]. Due to high light intensity of the focused fs
pulse a nonlinear optical absorption is a dominant mechanism of interaction with a cell. Because cells
contain at least 90% H.,O, water is commonly used for physical modelling of fs laser pulse and cell
interaction. The goal of this research was to determine mechanism of fs laser interaction with living
cells: embryos and oocytes.

After exposure of two cell embryos to laser beam, focused in a cellular contact field, 4 possible
outcomes rel eased:

1) No morphological changes occurs;
2) Blastomeresfused into asingle cell;
3) One of two blastomeres destroyed;
4) Two blastomeres destroyed.

In experiments with germinal vesicle oocytes nucleolinus exposed to fs laser beam. In this case 2
possible outcomes released: oocyte did not undergo morphologica changes or oocyte destroyed. After
cultivation oocytes gjected 1-st polar body.

Biological features, such as polar body gection, development dynamics and blastocyst cell number,
are suggested for estimation of fslaser pulse effect on embryo or oocyte. We determined that no sig-
nificant difference occurs between development of untreated and treated at low energies embryos to
the blastocyst stage. But laser treatment affects blastocyst cell number and hatching ratio in treated
groups. Polar body gjection ratio in treated and control oocytes does not significantly differ, but this
result isdiscussible.

Variations of absorption coefficient in cellular material after exposure of cell to fs laser beam have
been detected. This absorption is stipulated by nonlinear optical femtosecond laser exposure, resulting
in photochemical reactions. This fact urges to revise existing conceptions concerning about laser nano-
surgery mechanism using consequence of femtosecond laser pulses.

Acknowledgements
Thiswork is supported by Russian Science Foundation grant 14-14-00856.
References

1. C. Tangemo, J. Colombelli, U. Haselmann, J.C. Simpson, C. Antony, E.H. Stelzer, R. Pepperkok, and
E.G. Reynaud, "A novel laser nanosurgery approach supports de novo Golgi biogenesis in mammalian
cells', J Cell <., 2011, 124, 978-987.

207



N. Shen, Ch.B. Schaffer, Ph. LeDuc, E.M. Donald, and E. Ingber, "Ablation of cytoskeletal filaments
and mitochondria in cells using a femtosecond laser nanoscissor”, Mech Chem Biosyst, 2005, 2(1), 17-
25,

10.B. Bbap6amos, M.A. bepesynkas, I'.B. Makcumos, A.b. Pyoun, O.M. Capkucos, B.A. Hagrouenko,
"HennHeitHO-onTHYeCKOE BO3ACHCTBHE (EMTOCEKYHIHOTO Ja3epHOro w3irydeHus OmmkHero WK-
Iuama3oHa Ha MOP(QOJIOTHIO W CTPYKTYpy HEpPBHOH KIETKH B TIOJI€ ONTHYECKOH “TOBYmKm ™",
Xumuueckas @usuxa, 2012, 31(6), 9-15.

A K. Illax6a3sH, A.B. Kapmensn, A.C. Kpuoxapuenko, JI.M. YaiinaxsH, "Mcnons3oBanue nasepa s
MOJTYYSHHs] PELMITMEHTHBIX [IMTOILUIACTOB IIPHU TIepecaike siiep y Miiekonuratomux", Jokuaowv: akademuu
nayx, 2009, 428(3), 1-4.

A. Krivokharchenko, O. Sarkisov, M. Bader, A. Chiou, and A. Shakhbazyan, "Laser Fusion of Mouse
Embryonic Cells and Intra-Embryonic Fusion of Blastomeres without Affecting the Embryo Integrity",
PLOS One, 2012, 7(12), €50029.

N. Suhm, et a., "Ablation of neura tissue by short-pulsed lasers - A technical report”, Acta
Neurochirurgica, 1996, 138(3), 346-349.

208



Invited

TWO-COLOR PICOSECOND LASER SOURCES
FOR STIMULATED RAMAN SCATTERING MICROSCOPY

Ya. Ozeki

Department of Electrical Engineering and Information Systems, The University of Tokyo, Tokyo, Japan
ozeki @ee.t.u-tokyo.ac.jp

Abstract. Stimulated Raman scattering (SRS) microscopy is emerging as a powerful technique for fast, la-
bel-free biomedical imaging. In order to promote widespread use of this technique, it is important to develop
functional and practical laser sources that can generate synchronized two-color picosecond pulses. This paper
explains the principle of SRS microscopy, and introduces our recent development of fast wavelength-tunable
picosecond lasers for high-speed SRS spectral imaging, fiber lasers with intensity noise cancelling capability,
and novel laser sources.

I ntroduction

Raman imaging is recently attracting much attention because Raman scattering gives rich spectros-
copic information of transparent molecules, and therefore enables label-free biomedical imaging based
on chemical contrast. Previously, Raman imaging suffered from slow imaging speed, which is typical-
ly on the order of 1 pixel/s. Recent developments on coherent Raman imaging techniques [1] including
coherent anti-Stokes Raman scattering (CARS) and stimulated Raman scattering (SRS) microscopies
allow for label-free imaging at a much faster speed up to video rates (i.e. 30 frames/s), which corres-
pond to a pixel rate of ~10 Mpixels/s. Nevertheless, CARS microscopy suffered from unwanted non-
resonant background, which distorts the vibrational spectrum and complicates the image analysis. In
contrast, SRS microscopy is advantageous because SRS is almost free from nonresonant background,
and allows for quantitative visualization of molecules of interest. Furthermore, various kinds of multi-
variate anaysis techniques can be straightforwardly applied to SRS spectral images, enhancing the
chemical specificity in label-free imaging.

In order to promote widespread use of SRS microscopy, it is important to develop practica and
functional laser sources suited for SRS microscopy. There are several requirements for laser pulse
sources of SRS micrascopy such as (i) two-color pulses typically at wavelengths of ~800 nm and
~1000 nm, (ii) picosecond pulse duration, (iii) low intensity noise for sensitive detection of SRS sig-
nal, (iv) fast wavelength tunability within milliseconds for high-speed spectral imaging, and (v) com-
pactness and long-term stability from a practical point of view.

This paper introduces our recent development of fast wavelength-tunable picosecond lasers for
high-speed SRS spectral imaging, fiber lasers with intensity noise cancelling capability for practical
implementation of SRS microscopy, and novel laser sources.

SRS microscopy

Figure 1 schematically illustrates the principle of SRS microscopy. We use synchronized two-color
laser pulses, which are called pump and Stokes. The Stokes laser beam is intensity-modul ated before-
hand. Then these pulses are focused on a sample. When the optical frequency difference matches the
molecular vibrational resonance of molecules in the focal volume, SRS occurs. Through SRS, pump
pulses are attenuated and Stokes pulses are amplified. As a result, the intensity modulation is trans-
ferred to the other beam. The transferred modulation is measured by the photodetection followed by
the lock-in detection. SRS imaging is accomplished by scanning the laser beam with a beam scanner
(not shown). The wavelength of Stokes pulses or pump pulsesis aso scanned to conduct spectral im-

aging.

Lock-in
Amplifier

Fig. 1. Schematic of stimulated Raman scattering (SRS) microscopy. OB: objective lens. F: filter
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Two-color, wavelength-tunable picosecond laser sourcesfor SRSimaging

In order to fully utilize the fast imaging capability of SRS microscopy, we have recently devel oped
high-speed SRS spectral microscopy [2] using a picosecond Ti:sapphire laser as a pump pulse source
and a wavel ength-tunable Stokes pulse source. The Stokes pulse source is based on the spectral filter-
ing of broadband optical pulses generated by a passively mode-locked Yb fiber laser, followed by post
amplification with Y b-fiber amplifiers [3]. The SRS spectral microscope allows video-rate SRS imag-
ing with frame-by-frame wavenumber tunability of ~300 cm™, which can cover the entire CH-
stretching region. After the image acquisition, spectral images can be processed by multivariate analy-
sis based on principal component analysis and independent component analysis to produce multi-color
images of tissue in a short period of time. We have succeeded in label-free imaging of several types of
tissue samples [2, 4]. Furthermore, we recently developed real-time imaging and visualization system
based on high-speed data acquisition hardware [5]. This system will be useful for rapid observation of
unstained tissuesin awide field of view.

Fiber laser sourceswith intensity noise cancellation

Fiber lasers have several practical features such as compactness, long-term stability, and low cost.
When fiber lasers are applied to SRS microscopy, however, intensity noise of fiber lasers should be
mitigated. This is because the output power of typical fiber lasersislow, and therefore optical amplifi-
cation is necessary. This leads to the onset of amplified spontaneous emission noise, which contributes
to excess noise in lock-in detection of SRS signal. In optical measurement, balanced detection (BD)
can be used to cancel the effect of the excess noise. In optical imaging, however, laser beams are ras-
ter-scanned, and therefore the beam intensity is not kept constant due to the scattering by samples.
This makesit difficult to apply BD to SRS microscopy.

In order to cope with this, we demonstrated the collinear balanced detection (CBD) technique [6,
7]. In CBD, a pulse train is split into two, and they are combined with a delay difference in a delay-
add-line. When the combined pulse train is photo-detected, the photocurrents of the pulse trains inter-
fere with each other. As aresult, the intensity noise is canceled at a specific frequency, which is de-
termined by the delay difference. By using CBD, we have demonstrated SRS imaging with shot-noise-
limited sensitivity based on synchronized Er- and Y b-fiber lasers.

Novel laser sourcesfor SRS microscopy

Although we have developed practical fiber laser sources, further simplification of laser sourcesis
under way. I'd like to introduce recent development of wavelength-tunable mode-locked fiber laser
oscillator [8] and semiconductor-based laser source[9].
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Abstract. The potentialities of laser tweezers (LT) to measure the parameters of interaction of red blood
cells (RBCs) related to one of their intrinsic microrheologic properties, spontaneous and reversible aggregation,
in various environments and in conditions of norm and pathologic alterations are explored. Our measurements
clearly show that the mechanics of RBC interaction in blood plasma and plasma proteins solutions are more like-
ly consistent with the moving cross-bridge model. We also demonstrate that the spontaneous aggregation rate,
aggregation force and disaggregation force measurable with LT are informative parameters that can be used as
optical bio-markers of socially important diseases.

I ntroduction and motivation

Aggregation of RBC is one of important factors affecting hemorheology and microcirculation. Dur-
ing the last few decades it was studied intensively as a promising indicator of the hemorheological
status of the organism. In the majority of cases, the mechanics of RBC interaction were studied in
model solutions of neutral macromolecules, e.g. dextrans. In the plasma or plasma protein environ-
ments, they had not been studied sufficiently. Therefore, we focused our work on elucidating the me-
chanisms of RBC interaction using the LT technique. We measured the interaction forces between
pairs of RBCs in vitro in solutions of fibrinogen, fibrinogen and abumin, globulins, and autologous
plasma. The interaction force was determined as the minimum force required to fully disaggregate a
pair of interacting RBCs (disaggregation force — DF).

M aterialsand methods

Blood was drawn from human individuals (healthy ones and ones suffering various diseases)
and/or laboratory animals - white rats (healthy controls and those with experimentally induces di-
abetes). The measurements were performed using a home made set-up comprising two independent
laser tweezers based on single-mode infrared Nd:YAG laser (1064 nm, 200 mW), water-immersion
objective (100x, NA=1.00) [1]. Heating of the trapped cells was negligibly small due to the fact that
the lasers wavelength was in the transparency window of blood and water, and there is an efficient
heat dissipation due to the suspending medium. The average time of contact of the laser beam with the
power not exceeding 30 mW with a cell in our experiments usually did not last longer than 3-5 mi-
nutes.

Sample preparation and measur ement protocols

All measurements were conducted in vitro at room temperature with EDTA-stabilized blood sam-
ples freshly blood within two to four hours after drawing. Specia disposable couvettes holding 50 pl
of highly diluted suspension of RBC were used in each experiment.

Our experimental procedure consisted of two steps. First, two single RBCs were captured by two
independent optica traps and attached to each other with carefully controlled interaction area. After a
certain time one of the cells was slowly pulled from the other with the known (increasing step-by-step)
pulling force until disaggregation. In this way, we measured the DF dependence on the interaction
time and area.

The experiments were carried out with the doublets of RBCs. We measured several parameters
characterizing the interaction of individual cells forming a doublet. The first group of measured para-
meters relates to spontaneous aggregation, as a process of spontaneous of the individual cells onto
each other after forming a local contact. The second group includes the parameters of RBC disaggre-
gation, as a process of LT-forced separation of RBCs in a doubl et.

The measurement of each parameter was conducted with 10 to 20 pairs of RBCs for each blood
sample. The experimental results were averaged over the RBCs of several donors, and hence, over
several tens of pairs of cells. The main contribution to the statistical scatter in the results was made by
the differencesin the properties of individual cells.
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Results

Using the LT technique, a number of parameters characterizing the interaction of RBC at their ag-
gregation in model solutions of proteins and of neutral macromolecules, as well as in plasma and se-
rum, was measured. It was shown for the first time that in the presence of solely fibrinogen the RBC
aggregation does not occur spontaneously. However, the strength and the rate of spontaneous aggrega-
tion in plasmais significantly higher than in serum. Thisis due to the absence of fibrinogen in serum,
this fact showing the importance of fibrinogen during spontaneous aggregation. It was aso shown that
in protein solutions, even in the absence of spontaneous aggregation, the RBCs can interact strongly
with one another. By measuring the forces disaggregating the RBC doubl ets, we show the differences
in the dynamics of RBC disaggregation in solutions of neutral macromolecules in comparison to those
in plasma proteins solutions, blood plasma and serum. To describe the interaction of RBC in protein
solutions, plasma and serum we proposed to use the model of "moving bridges' previously proposed
by other authors to describe the interaction of white blood cells.

Conclusion

Though the LT technique that we used is adequate for studying the microrheologic properties of
RBCs from basic science to clinical application perspectives, its further development may raise the
efficiency of the measurements and information content of the obtained data. We propose the direc-
tions of further research in thisrelation.

Acknowledgements
The research was partialy supported by the Russian Science Foundation grant Ne 14-15-00602.
References

1. K. Lee, M. Kinnunen, A.E. Lugovtsov, A.V. Priezzhev, and A.B. Karmenyan, Optoelectronics, Instru-
mentation and Data Processing, 2014, 50(5), 1-6.

212
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Abstract. When tightly focused into tissue, short pulse lasers have the unique capability to cause
micrometer-scale disruption that is located beneath the surface of the tissue, with minimal collateral damage to
surrounding structures. Here we describe the use of this technique to cut neural connections in targeted cortical
layers as a means to inhibit the propagation of focally-initiated epileptic seizures in rats. Current therapies for
focal epilepsy involve highly-invasive resection of the seizure focus and cause significant side effects. By com-
parison, the approach proposed here would preserve more cortical function while still inhibiting seizures.

We use tightly-focused, femtosecond duration, infrared wavelength laser pulses as a laser scalpel to
sever neural connections beneath the surface of the brain around an epileptic focus to prevent seizure
propagation in animal models of foca epilepsy. Near infrared light is not normally strongly absorbed
by tissue. However, when a femtosecond duration, near infrared laser pulseis tightly focused inside a
tissue the laser intensity becomes so high that the material in the focus is literally ripped apart due to
energy deposition by highly nonlinear optical absorption. Because this interaction is highly nonlinear,
its effects can be confined to the micrometer-sized focal region that islocated in the bulk of the tissue.
Essentially, the laser provides a very precise scalpel that can ablate material and cut inside a tissue
without affecting the surface. In previous work, we showed that 800-nm, 50-fs pulses focused at a
numerical aperture of 1.0 could produce cuts with a size of ~10 um more than 1 mm beneath the sur-
face of rat cortical tissue [1]. With longer wavel ength sources, where tissue scattering is reduced, even
greater penetration should be possible; 1.3 um light should enable cuts as deep as ~4 mm into tissue.
Focal neocortical epilepsy is a largely intractable medical problem, with most cases responding
poorly to anti-convulsive medications and current surgical treatment options limited because of the
likelihood of neurological deficits. Because much information processing is vertically organized in
cortex, while seizure propagation occurs primarily through lateral connections, a series of incisions
could prevent the spread of seizures but largely preserve function [2]. Such cuts could also reduce sei-
zure incidence by separating aberrant activity in different areas of cortex and thus preventing coal es-
cence of microseizures. The incisions must not cut the blood vessels on the brain surface and should
sever connections in as few cortical layers as possible to achieve seizure control with minimal neuro-
logical impact. Current implementations of this idea utilize a hook-shaped mechanical tool that causes
significant collateral damage. Tightly-focused femtosecond laser pulses may provide a unique tool to
produce incisions that could block seizure propagation while minimally damaging cortical tissue.
To test this concept, we produced a “box” cut in the cortex of anesthetized rats that was 750 um in
extent laterally and extended from 150 um to 800 um beneath the cortical surface. This cut essentially
extends through Layer I1/111 of the cortex, which previous data suggested was critica for seizure prop-
agation [3]. We then injected the potassium channel blocker, 4-aminopyridine (15 mM, 0.5 pl) inside
the box using a micropipette and recorded local field potential (LFP) inside and outside the box. We
found that a single box cut reduced the incidence of seizures by about 50% as compared to animals
with sham cuts. Furthermore, the cuts blocked the propagation of seizures that did initiate in about
40% of cases. Those seizures which did successfully propagate outside of the box were reduced in
amplitude by ~30% and their propagation was delayed by several seconds. The cuts did not inhibit the
ability of the tissue inside the box to respond to a peripheral stimulus, although the amplitude of the
LFP response was attenuated by ~30%.
Overall, these data suggest that femtosecond laser cuts targeted to cortical layers important for sei-
Zure propagation can inhibit initiation and propagation of seizures while minimally affecting normal
function. Future work will explore additional geometries of cuts to increase seizure inhibition and test
the efficacy of this approach in chronic animal models of epilepsy.
This work was supported by the National Institute of Neurological Disorders and Stroke
(NS078644).
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Abstract. We present anovel approach for innovating applications of biophotonics in ophthalmology, based
on thermo-mechanical effect of laser radiation, for normalization of the intraocular pressure in glaucomatous
eyes and correction of the eye refraction due to non-destructive cornea reshaping. The advantages of novel
technologies are provided by safety and efficacy of laser treatment of the eye tissues and structures.

Cornea is arigid tissue with high internal mechanical stress. It is shown that cornea deformation
followed by laser-induced stress relaxation alows changing cornea shape without its destruction [1].
Experiments on cornea reshaping were performed in vitro in the eyes of pigs, rabbits, cadavers, and in-
vivo in rabbit eyes using an Erbuim glass fiber laser of 1.56 microns in wavelength. Thermo-
mechanical properties of sclera and cornea during laser heating were studied with an indenter test and
using thermo mechanical analyzer. The dterations in eye refraction were measured with various opti-
cal techniques including optical coherent tomography, confocal microscopy and shlieren visualization
[2]. Histological technique was used to study possible aterations in tissues structure. Optimal |aser
settings were established alowing obtain refraction correction without visible damage and denatura-
tion of the eye tissues. The maximal change of eye refraction obtained was of 6 diopters [2, 3]. The
stability of the rabbit eye refraction was established during at least 6 months. Histological anaysis did
not revile any alterations in cornea structure [3]. Measurements of optical properties of cornea before
and after laser treatment did not show any changes in cornea transparency [4].

A novel and innovative technique for intraocular pressure (IOP) normalization is based on
enhancing role of sclera outflow. The technique creates permeable pathways for water transport as a
result of formation of nano- and micro-pores under nondestructive thermo-mechanica effect of pulsed
laser irradiation [5]. The results of in-vivo experiments in rabbit eye sclera have shown that laser irrad-
iation leads to substantial increase of water permeability trough sclera. Pre-clinical trials performed for
49 eyes of 49 patients with open angle glaucoma have demonstrated stable normalization of the IOP
with one year follow-up observations [6]. The advantages and prospects of novel technique for
glaucoma treatment have been demonstrated.
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PILOT EXPERIMENTSON LASER DRIVEN PROTON TREATMENT
OF CANCER CELLSAT PEARL

A. Soloviev

Ingtitute of Applied Physics Russian Academy of Sciences, Nizhny Novgorod, Russia

Pilot experiments on biological objects treatment by laser-driven protons have been conducted at
the laser-plasma facility PEARL (IAP RAS, Nizhny Novgorod). The main goals of the experiments
are to test the hardware module transferring laser-driven protons to a biological tissue and to study the
biological effectiveness of the laser-driven proton beams for cancer treatment. It is shown that a laser-
driven proton source based on the TNSA mechanism of particle acceleration, using 5 J/ 70 fs laser
pulse focused on a 10 pm aluminum target, can be used to significantly affect biological cells. The
object of investigation is human cervical carcinoma cell culture (Hela). The vitality of cells has been
estimated by a standard MTT-test. Indeed, destruction of 50% of cancer cells has been observed with
0.5 Gy of the absorbed radiation dose. Possible ways of improvement of the laser-based proton source
from the point of view of proton energy separation and proton beam focusing are discussed. The re-
sults are expected to be utilized for applications connected with laser-driven hadron therapy of cancer.
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NOVEL BIODEGRADABLE POLYMERS
FOR LASER STEREOLITHOGRAPHY TECHNIQUE

P.S. Timashev, A.V. Koroleva, B.N. Chichkov, and V.N. Bagratashvili

Institute of Laser and Information Technologies, 142191, Troitsk, Moscow, Russia
timashev.peter@gmail.com

Abstract. It is known that the main problem of laser additive technologies introduction to clinical practice
and utilization of 3D structures for the certain injuries treatment (restoration of functional activity of nerves, re-
generation of bone, urethroplasty) is the lack of commercially available biodegradable polymers. This work is
focused on novel biodegradable materials synthesis followed by 3D structuring with laser stereolithography and
microstereolithography and in vivo and in vitro scaffolds testing.

Laser stereolithography is an effective method 3D structures creation a with sizes ranging from
hundreds of nanometers to tens of centimeters. The method consists in the initiation of local spatia
cross-linking between the reactive units of macromolecules by UV laser radiation. Like most of addi-
tive technologies, laser stereolithography allows to create the structure of a given architectonics based
on a computer model that can be developed using special computer software, and data obtained by the
analysis of the spatial structure of the object in vivo (for example by MRI tissue defects when creating
a suitable polymeric implants) [1]. Ability to use data on the structure of the defect obtained directly
from the patient, allow the utilize laser additive manufacturing methods to solve some cases in the
field of biomedical engineering, for example for the manufacture of custom matrices for cranioplasty
[2] or support scaffolds for complex abdominal operations [3]. Recently, cells support matrix (scaf-
folds) for tissue engineering with novel biocompatible materials has prodused by laser microstereoli-
thography [4]. In particular, it has been shown that one of the most promising polymers for scaffolds
structuring are modified natural polysaccharides [5] and aliphatic polyethers [6]. With all the obvious
advantages of additive manufacturing approach, there are only few papers focused on novel biode-
gradable polymer synthesis. The aim of the present work is to develop new photopolymerizable mate-
rials based on natural polysaccharides and aliphatic polyesters with a wide variability of properties
(mechanical, hydrophilic, and others.) As the initial material we used natural polysaccharide — chito-
san modified under shear conditions grafted unsaturated low molecular weight compounds. The result-
ing material had 10-15 percent degree of substitution and could be structured in the presence of water-
soluble photoinitiators with laser stereolithography technique. As another photopolymerizable matrix
starlike oligomers were synthesized based on polylactide and e-caprolactone. The strategy of synthesis
allowed to change characteristics molecular weight rays allowing controlled changes in the mechanical
properties of matrices as well as their rate of biodegradation. Applied oligomers with masses of 200 to
1500 D were synthesised, structuring was performed in presence of 2% by weight Michler's ketone as
aphotoinitiator. All the resulting structures were tested for cytotoxicity.
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LASERS AND BIOSCIENCE IN JAPAN
Ken-ichi Ueda
Ingtitute for Laser Science, University of Electro-Communications, Japan
Biomedical applications of laser technology have been known for quite a time aready. Some of
them have been developed well and commercialized in this field, but many of them are not devel oped

sufficiently even today. | will try to discuss what is the baseline to find the new channel of bio and
medial application of laser technology.
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MULTIFREQUENCY LASER SPECTROSCOPY
OF BIOLOGICAL TISSUES ODORS

V.L.Vaks"?, M.B. Chernyaeva'? E.G. Domracheva®? and S.|. Pripolzin*?

!Institute for Physics of Microstructures RAS, Nizhny Novgorod, Russia, vax@ipmras.ru
% obachevsky State University, Nizhny Novgorod, Russia

Abstract. Our paper is devoted to the combined MIR-THz spectrometer that increases the number of gases
to be identified and the reliability of the detection by confirming the signature in both THz and MIR ranges. The
radiation sources based on harmonics generator and quantum cascade lasers and unique receiver block have been
developed. The fresh meat and fish odor composition under study includes organic compounds and amino acids,
which vanish during natural decay, that is characterized by appearance of sulfur and nitrogen compounds. The
advantages of the combined MIR-THz spectrometer for analysis of the biological tissues odors have been dem-
onstrated.

I ntroduction

The important concern of the growing food industry involves control and monitoring of the prod-
uct’s quality that stimulates development and optimization of instrumental methods. One of the prom-
ising techniques for rapid, non-destructive analysis involves examination of the food's smell that is e-
nose technology. This examination is considerably complicated by a need to analyze a multicompo-
nent gas mixture that requires reliable detection, discrimination and quantification of many volatile
compounds.

The combined | R-THz gas analyzer

Development of a combined IR-THz gas analyzer increases the number of gases that can be identi-
fied and the reliability of the detection by confirming the signature in both THz and MIR ranges. The
subTHz, THz and MIR radiation sources of the spectrometer based on solid state harmonics generator
and quantum cascade lasers (QCL) have been developed. The subTHz radiation source has been de-
veloped on the solid state harmonics generator. It has a number of advantages comparing with other
well-known microwave generators. For THz and MIR ranges the QCLs are used. They have a high
output power and can generate radiation in pulse and continuous modes together with fast tuning of
frequency. Detection of the radiation in al three frequency ranges (subTHz, THz and MIR) are rea-
lized by the unique receiver block based on quantum semiconductor superlattices.
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Fig. 1. The scheme of subTHz-THz_MIR spectrometer

Experimental results

We have studied odors composition of fresh meat (veal, chicken), fish (salmon, trout) and their va-
pors during natural decay. The sample preparation was the same for meat and fish. Before measure-
ments the tissue sample was cut to pieces and dried in a vacuum cell to remove the water. The spec-
troscopic analysis was done with the sample at room temperature and heated up to 100 - 150°C. The
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studies started on the day of meat (fish) purchase and continued the following days up to appearance
of the new volatile compounds, signaling of the sample natural decay. Between measurements the tis-
sues were kept in arefrigerator at +4°C. The results demonstrate that the fresh meat odor composition
includes ethyl formate, diethyl ether, aanine and glycine (fig. 2, 3), which vanish during natura de-
cay. The later is characterized, first of all, by appearance of sulfur-containing substances (H.S, SO.)
(fig. 4). Then decay is followed by emission of ammonia (fig. 5) and organic molecules (phormamid,
ethylamine). The vapor composition of the spoiled fish contains propylene glycol, urethane, hydrogen
sulphide, sulfur dioxide and nitriles.

Frequency Scanning Trend
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Fig. 2. The record of absorption spectrum Fig. 3. The record of absorption line of aanine
near 141 GHz of the veal sample odor at the frequency of 141.417 GHz in the odor
of sample of fish
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Fig. 4. The record of absorption line of H,S at the Fig. 5. The record of absorption line of NH3 at
frequency of 168.762 GHz in the odor of sample the frequency of 140,142 GHz in the odor
of veal during natural decay of sample of veal during natural decay
Conclusion

The preliminary investigations of biomarkers in three frequency ranges have demonstrated the ad-
vantages of the combined MIR-THz spectrometer for analysis of the composition for multicomponent
gas mixtures, including biological tissues odors.
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ALL-OPTICAL, LOW DIVERGENCE THOM SON RADIATION SOURCE
VIA LASER PLASMA ACCELERATOR

P.A. Walker*? and F. Griiner 2

! Center for Free-Electron Laser Science, Hamburg, Germany, andreas.wal ker@desy.de
2 Department of Experimental Physics, University of Hamburg, Germany

Abstract. The field of medical X-ray imaging uses to date conventional X-ray tubes and, in some places,
experimental studies performed at large-scale synchrotron radiation facilities. The latter provide X-ray beams
with unprecedented quality such as monochromaticity and ultra-low beam divergence. In order to miniaturize
such brilliant X-ray sources, a new approach is undertaken for utilizing so-called laser-plasma accelerators and
Thomson backscattering. The physics of laser plasma acceleration will be discussed along site an overview of
experimental results within the field with a detailed description of alow divergence, brilliant, and compact X-ray
source based on these plasma accelerators.

Accelerators have found applications within the fields of physics right after their discovery. For ex-
ample the Large Hadron Collider (LHC) situated on the border of Switzerland and France provides an
extraordinary tool with which to discover new science. While the LHC might have been the most visi-
ble accelerator in recent years, other accelerators that are smaller and more numeroudy available, pro-
vide a diverse community of medical, biological, chemical and physical scientists with the tools to
probe materials, study life, and treat patients. Such accelerators allow scientists to advance knowledge,
probe theories and engineer new devices. Synchrotrons in which electrons are accelerated, stored in
large circular rings, and their radiation harnessed to irradiate matter are one example of such accelera-
tors. Free-electron lasers, a more recent invention, are another example in which radiation is generated
via undulating electrons at the end of linear accelerators.

All currently available accelerators within user facilities are based on conventional radio- frequen-
cy acceleration, meaning that charged particles are accelerated in the éectric fields established be-
tween conducting electrodes or excited in an electromagnetic cavity. Conventional accelerators are
built of materials which can sustain fields of order 50 MV/m before electrical break down occurs and,
therefore, conventional accelerators have to be long to create high energy particle beams. In contrast,
plasma accelerators use fields within a plasma to accelerate particles. Since in a plasma the atoms or
molecules are aready ionised, these accelerators are not subject to electrical breakdown limits that
affect conventiona accelerators. Hence the accelerating field developed in a plasma accel erator can be
three orders of magnitude larger than in a radio-frequency accelerator, and as a consequence, kilome-
tre scale machines can, in principle, be reduced to the metre scale. Therefore, plasma based accelera
tors present a great step forward in creating new, cheaper and much shorter accelerators for science.
Figure 1 shows both a conventional and plasma accelerator.
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Fig. 1. (Left) Photograph of the SLAC National Accelerator Laboratory which operates a two-mile linear
conventional accelerator, the housing of which can be identified by its linear, white roof. Photo courtesy
of SLAC Linear Accelerator Laboratory. (Right) A photograph of a capillary discharge waveguide, a
plasma accelerator of 33 mm length

The potential of plasmawaves for particle acceleration was first recognized by Tgjima and Dawson

in 1979 [1]. The longitudinal plasma waves excited by intense laser pulses are well suited for accele-
rating charged particles to relativistic energies, because they also propagate with speed near the speed
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of light and can stay in phase with such high-energy particles. In early work on laser-driven plasma
accelerators performed in the 1990s, the generated electron beams had a very broad energy spectrum,
but in 2004 several groups reported the generation of beams with quasi-monoenergetic energy spectra
in the 100200 MeV range [2—4]. In 2006 the energy of laser-accelerated electron beams was in-
creased to 1 GeV by channelling the driving laser pulse in the plasma channel formed in a capillary
discharge waveguide [5].

Further progess was made over the last ten years to increase the energy and decrease the divergence
and emittance of the electron beams to create radiation from the plasma accel erated beams. For example,
soft X-rays were produced from a plasma source in 2008 and 2009 [6, 7]. More recently several authors
have presented Thomson scattering radiation with up to 18 MeV photon energies [8-12].

In this talk the physics of laser plasma acceleration will be discussed and an overview of experi-
mental results up to now will be given. Special attention is given to radiation sources from plasma ac-
celerators. A new design for creating low divergence, brilliant, and compact X-ray sources based on
these plasma accelerators is presented.
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Abstract. Light sheet fluorescent microscopy has gained its popularity in the biomedical applicationsin the
recent years. The thickness of illumination light sheet in the microscope affects the axial resolution. However
there is a strong compromise between this and the usable field of view for conventional Gaussian illumination.
Here we demonstrate a low cost modification on conventional light sheet system to achieve propagation-
invariant Airy beam illumination to largely extend the field of view. This brings wide field light sheet imaging to
aboarder range of applications.

The development in laser and computer technology in the last decades enabled the re-invention of
light sheet fluorescent microscopy (LSFM). LSFM uses a thin sheet of light to illuminate the sample,
whilst the fluorescent signal is taken perpendicular to the illuminated plane. This simple configuration
brings severa advantages compared to conventional microscopies. Firstly, only illuminated plane in
the sample produces fluorescent signal. This eliminates the out-of-focus signal, and hence improves
the contrast of the image. Secondly, illumination and detection in LSFM are independent. A low mag-
nification detection axis can be used to achieve large field of view (FOV), whilst still obtain good axi-
a resolution due to the optical sectioning ability from the light sheet illumination. Thirdly, the photon
efficiency in this configuration is much higher than other conventional microscopy, for example in
epi-fluorescent microscopy or confocal fluorescent microscopy. This minimum the photo-blenching
and photo-damaging brought to the specimens. In addition, as the whole plane to be imaged is illumi-
nated simultaneously, the imaging speed is dramatically enhanced compare to laser scanning micro-
scopies.

The axial resolution in LSFM is determined by the thickness of the illumination light sheet and the
numerical aperture (NA) of detection objective. When using a low NA detection objective, i.e. with
long depth of focus, the axial resolution is totally determined by the former. However, when theillu-
mination beam is tightly focused to achieve thin light sheet, here is a trade-off on the shortened usea-
blefield of view, in which the thickness of the light sheet remainsrelatively constant.

Recently, there is literature demonstrating the use of propagation-invariant Bessel beam [1] or Airy
beam [2] to largely extend the field of view in LSFM compared to conventional Gaussian beam. Com-
pared to Gaussian beams, propagation-invariant beams maintain the beam profile in a much larger dis-
tance, hence creating a longer usable FOV. In addition, Bessal and Airy beams hold so called “sdlf-
healing” property, which means they are not sensitive to the obstacle on the illumination path. In par-
ticular, it has been demonstrated the advantage of using Airy light sheet over either Gaussian or Bessel
beams in light sheet imaging, in terms of both FOV and axial resolution under same NA [2]. In addi-
tion, the generation of Bessel beam illumination creates transverse ring structures in the beam which
degrade the quality of the image, whilst the side lobesin Airy beam illumination contribute positively
to the imaging process.

An Airy beam can be generated through the Fourier transformation of a cubic phase imposed upon
an incident Gaussian beam [3]. This phase modulation can be achieved with devices such as liquid
crystal spatia light modulator (LC-SLM), or customized cubic phase mask. Both of them are expen-
sive and not readily available. We have demonstrated using a tilted optical lens to intentionaly intro-
duce optical coma aberration to create Airy light sheet [4]. Simulation in Zemax showed that tilting
the cylindrical lens allowed a controllable amount of cubic phase modulation in order to generate the
Airy light sheet, whilst the additional tilt and defocus are readily compensated for by appropriate use
of relay optics. Based on an open-access platform openSPIM, this experimental implementation of
Airy light- sheet system is able to demonstrate the advantages of beam-shaping techniques for ad-
vanced light sheet microscopy.
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LASER TWEEZERS—-NONINVASIVE TOOL
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Abstract. Optical manipulation of mice germinal vesicle oocyte nucleolus by means of laser tweezers was
studied. It was shown that nucleolus can be elastically deformed and displaced using tightly focused laser beam.
Oocyte viability and development after laser treatment were studied. Fluorescent studies of nucleolus adjacent
were carried out. Change of elastic properties of nucleolus bounding was shown after fluorescent light (with
wavelength of 385 nm) illumination. Mean value of force constant of oocyte nucleolus elasticity was determined.

Optical manipulation is a promising research technique with wide range of applications in such
area as physics, chemistry and biology. In this work we performed laser manipulations of mice
germinal vesicle oocyte nucleolus by means of laser tweezers. Laser tweezers were realized with
tightly focused laser from Ti:sapphire oscillator (wavelength 780 nm, mean power at the sample plane
260 mWt). Laser was focused in the oocyte nucleolus with microscope objective (magnification 60x,
N.A. 0,7). It was shown that native oocyte nucleolus exhibit elastic bounding to the initial position.
Fluorescent staining of oocytes with Hoehst 33342 was performed. It was revealed that after
fluorescent light illumination (wavelength 385 nm) initial elastic bounding of nucleolus was broken.
Mean trapping force of laser tweezers acting on nucleolus was determined as 7 pN and elastic
deformation of nucleolus was investigated. Characteristic deformation can be seen on figure 1.

Fig. 1. Oocyte nucleolus under laser tweezers treatment, point of laser focusing is depicted with arrow (left).
Oocyte nucleolus after treatment is ceased (right)

Mean value of deformation was estimated as length change of laser illuminated area of nucleolus.
Deformation was shown to be elastic — after laser illumination ceased it was vanished. Mean value of
stiffness coefficient was determined.

Biological features, such as polar body gection and development dynamics were suggested for
estimation of laser effect on oocyte viability.
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NUMERICAL ANALYSISOF OCT-IMAGES
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Abstract. Optical coherence tomography is a modern technique for visualization of interna structure of bio-
tissues up to several mm in depth with resolution down to several um. However, results based on qualitative
analysis of OCT-images depend on clinician subjectivism which worsens diagnostic value of the technique. We
show that numerical analysis of OCT-image histogram can serve as additional instrument for independent as-
sessment of biotissue state.

I ntroduction

Optical coherence tomography (OCT) is a modern technique of visualization of internal structure
of biotissue at the depth up to several mm with resolution down to several um [1-3]. This technique
based on low coherence interferometry that employs information from photons backscattered from
inhomogeneities of refractive index within biotissue. However, evaluation of tissue condition based on
qualitative analysis of OCT-images depends on clinician subjectivism, which worsens diagnostic value
of OCT. In order to enhance this value it is preferable to use impersonal method for OCT-image as-
sessment. Such methods allow to obtain additional information about biotissue that could be taken into
account in aline with qualitative information.

Intensity of OCT-signal depends on distribution of optical properties within biotissue. Different
biotissue conditions, caused by external factors, such as compression or abnormal temperature regime,
or pathologic processes as well, correspond to different distribution of optical properties. Alterations
in distribution of optical properties induce alterations in backscattering from biotissue and, respective-
ly, in numerical parameters that can be extracted from an OCT-image. In this work we used the histo-
gram of an OCT-image for quantitative assessment of biotissue condition.

The aim of this work was to compare histograms of OCT-images of normal human skin with those
of skin under external action (mechanical compression, extreme temperature regimes) or with pathol -
ogy (psoriasis, scleroderma).

M aterialsand methods

The study was performed in vivo on human volunteers. At the first stage of work we studied altera-
tions of histogram of skin OCT-image under long-term pressure (severa minutes) and after prelimi-
nary temperature action (heating or cooling). The pressure to the inspected skin area was kept constant
and equal to 0.21 N/mm?® during the whole time of observation. OCT images of skin were obtained
each 5 seconds after measurement start during 7 minutes.

At the second stage we performed pilot study of histogram assessment in OCT skin monitoring in
course of therapy of such skin pathologies as psoriasis and scleroderma. For each patient the OCT-
images were obtained before therapy start, in the middle of therapy period and at the end of therapy
period. Each time three OCT-images with constant pressure were obtained: immediately after mea-
surement start, in 30 second and in 1 minute. This approach allowed to compare histograms without
and with compression effect.
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Fig. 1. OCT-image separated into fragments containing only noise signal
and the one combining useful signal with noise (a) and process of histogram calculation (b)
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In the frames of OCT-image anaysis was separated into fragments containing only noise signal and
the one combining useful signal with noise (Fig 1a). For each fragment the histogram was cal cul ated.
The histogram of the noise fragment was further used to separate noise component from the histogram
of fragment containing useful image (Fig 1b). The resultant histogram was approximated by an analyt-
ica function represented by a sum of two exponentials with three parameters (width, height, shift) for

each of them:
_(21—_50)2 _(22—_93)2
S=ay-e 1’ 4ag-e " <
Alterations of these parameters were treated as impersonal criteria of alterations of biotissue condition.
Results and discussion

The agorithm of OCT-image histogram analysis was firstly approbated in OCT monitoring of ef-
fects of compression, cooling or heating on human skin in vivo. We demonstrated that all the consi-
dered parameters are sensitive to changes in OCT images induced by these external actions. In particu-
lar, parameter a; increased under mechanical compression and during skin relaxation after preliminary
heating and weakly decreased after preliminary cooling. Parameter a, increased after preliminary heat-
ing and decreased for other considered actions cases. Parameter b, was not affected by compression
and grew weakly after thermal action. Parameters b, and ¢, demonstrated similar increase in al cases.
Parameter ¢, increased after preliminary heating and dightly alternated for other cases.

The second stage of the study included OCT image analysis in course of OCT monitoring of pso-
riasis and scleroderma treatment. Temporal dependence of al considered parameters (before therapy,
in middle of therapy period, and at the end of therapy) are shown in figure 2 in relation to correspond-
ing values for norm. It should be noted that at the end of treatment parameters may differ from those
for norm, because healing can last after the end of treatment. From these results one can conclude that
employment of histogram analysis can potentialy serve for quantification of changes in pathologic
skin induced by therapy, however, further studies are required to statitically prove our assumptions
and choose proper parameters mostly affected by corresponding changes in inspected skin.
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Fig. 2. Temporal dependences of the exponential fitting parametersin course of therapy.
Separate points to the left correspond to respective values for norm

In future these parameters can be used as additional information about skin condition and potential -
ly can increase diagnostic value of the OCT technique.
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Abstract. We present our experience of lung cancer treatment with new laser methods for endoscopic and sur-
gical photodynamic therapy and high energy laser ablation as well as a new technology for intraoperative diagnosis
of lymph node involvement in lung cancer with the use of near-infrared laser fluorescence imaging system.

Background

Bronchoscopic photodynamic therapy (PDT) and laser resection are well known methods to trest or re-
lieve the symptoms of non-small cell lung cancer (NSCLC). We discuss possibility to extend indications
for endobronchia laser treatment as a component of multidisciplinary treatment of locally advanced and
metastatic lung cancer. We aso evauated the feasibility, safety and accuracy of intraoperative near-
infrared (NIR) fluorescence imaging for sentinel lymph nodes (SLN) mapping in patients with NSCL C.

M ethods

From Jan 2008 to Dec 2014, 350 patients with locally advanced and metastatic NSCLC underwent
endobronchia laser resection and/or PDT. New approaches used were: PDT “through the endobron-
chial/endotracheal stent” (48 patients), PDT for peripheral lung cancer (14 patients), laser ablation
(LA) of endobronchial tumor in an argon atmosphere (59 patients). Indications for PDT and LA were
obstructing central disease as well asloca recurrence after surgical treatment (29 patients) and critical
airway obstruction (33 patients). In 55 patients preoperative PDT and LR were done to facilitate sur-
gical resection for initially borderline or irresectable (inoperable) NSCLC. Most of patients (329,
94%) underwent endobronchial treatment in combination with chemo- and targeted therapy. PDT in-
volved intravenous administration of chlorine E6 (Radachlorin) in the dose of 1 mg.kg-1 followed by
irradiation with 662 nm laser light up to atotal dose of 100 Jcn’. LA was done with a wavelength of
1060 nm, an argon flow rate — 1.6-2.6 liters/min, and a power density of 75-100 W/cm?.

Additionally twelve patients (6 — after neoadjuvant chemotherapy) who underwent pulmonary resection
were investigated for visudization of lymphatic migration and SLN. Immediately after thoracotomy indo-
cyanin green (ICG) was injected around the tumor and fluorescence rea -time identification was applied by
aninfrared light device. SLN wereidentified intraoperatively, dissected and histologically evaluated.

Results

Cranial part of endobronchial tumor was localized in the right main bronchus in 42 (12%) patients,
left main bronchus — in 29 (8%), tracheal bifurcation —in 62 (18%) and trachea — in 217 (62%) pa-
tients. The average duration of PDT session to reach the desired radiation dose was 11,5 min, LA ses-
sion — 8,0 min. No patients had magjor complications. Of the 295 patients treated without resection, 41
achieved complete response (14%), 203 — partial response (69%), 51 — no response (17%). The one
year survival rate for patients with stage |1l was 70%, stage IV — 56%, median survival was 19
months. After neoadjuvant endobronchial PDT and LA 51 patients of 55 operated (93%) underwent
compl ete resection. 5-year survival rate for surgical patients was 71%.

Intraoperative fluorescence real-time identification of pulmonary lymphatic flow was successful in
8 of 12 cases (75%). 21 sentinel lymph nodes were identified in 10 patients (total identification rate
83%), 13 nodes in hilum, 8 nodes in mediastinum. Both SLN failure patients received neoadjuvant
chemotherapy resulted complete remission. 7 lymph nodes (4 patients) had metastases on histological
analysis. Metastatic nodal disease was never identified in patients with a histologically negative SLN
(overall accuracy rate 100%). No adverse reactions were noted.

Conclusion

Endobronchial PDT and LA in combination with drug therapy are safe and effective option for ad-
vanced obstructing endobronchial lesions. Endobronchia approaches may also be used to convert to
surgery candidates in stage 111 central NSCLC patients. ICG fluorescence is feasible for SLN biopsy.
Absence of metastatic disease in the SLN directly correlates with final nodal status of the lymphade-
nectomy specimen.
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Abstract. We will present our recent investigations of the fluorescence properties of cutaneous neoplasia
using excitation-emission matrices (EEMs) and synchronous fluorescence spectroscopy (SFS) measurement
modalities. The spectral peculiarities observed will be discussed and the endogenous sources of the fluorescence
signal — addressed. M easurements are made, using FluoroLog 3 spectrofluorimeter, on freshly surgically excised
skin neoplasia and safety area normal skin after tumor resection. EEMs are obtained in the region of 280-440 nm
— excitation and 300-800- emission, and SFS data are obtained in the same excitation-emission spectral range
using constant wavelength interval AA in the region of 10-100 nm, with step of 10 nm.

1. Introduction

Optical spectroscopy techniques have found a wide range of applications because they are non-
destructive and deliver morphologica and biochemical information about the investigated tissues [1].
Steady — state autofluorescence, where information about specific emission spectra of different endo-
genous fluorophores — its spectral range and relative intensity for each wavelength is applied in the
recent clinical investigations as a very sensitive and accurate method for detection of early changesin
many cancer types [2]. It has been widely used to study a number of skin conditions including psoria-
sis, melanoma and non-melanoma skin cancers. Fluorescence detection is a non-invasive and fast
approach has gained increasing interest for its application in diagnosis and demarcation of various
cancers [3]. We will describe two approaches of steady—state autofl uorescence detection of tissue en-
dogenous fluorophores — so called — excitation-emission matrices (EEMs) detection and synchronous
fluorescence spectroscopy (SFS). In the first case EEM is graphically represented with excitation wa-
velength on one axis, emission wavelength on the second, and fluorescence intensity forms the third
axis. This method for three-dimensional fluorescence spectroscopy provides enough information about
the fluorescence spectra of biological tissue samples for determining excitation wavelengths that gave
emission fluorescence spectra containing the most diagnostic meaning for clinical diagnostic analysis.
EEMs allow to reveal rea fluorescent properties of the samples investigated.

Second approach for the fluorescence signal detection — SFS appears to provide more information,
in comparison with EEMs, based on its greater selectivity. Investigating autofluorescence through the
method of SFS is performed by maintaining constant wavelength interval between excitation wave-
length and emission wavelength through the spectrum. This allows optimal excitation of the emission
maxima, which result in narrower emission peaks. That is the main reason for the greater sensitivity of
SFS in comparison with EEMs. However, the SFS approach narrow the real spectral shape of the
compounds detected and the results arein aform of “effective” fluorescence signals.

2. Materials and methods

In our study we measured excitati on—emission matrices (EEM) and synchronous fluorescence spec-
troscopy data (SFS) from normal and diseased human skin samples, namely basal cell, squamous cell
carcinoma, and malignant melanoma tumours, received after surgical excision during procedures for
removal of skin neoplasia lesions. Ethical approval for our investigations is received from Ethical
Committee of University Hospital “Queen Jiovanna-ISUL” — Sofia, where from the samples are ob-
tained as well.

The fluorescence excitation emission matrix spectrawere acquired using a commercial spectrofluo-
rometer (FluoroLog3, Horiba Jobin Yvon). Additional fiber-optic module — F-3000 with fiber optic
probe — 1950-1M allows to measure tissue samples. Ex vivo point-by-point measurements were taken
from the excised tumour lesions and outwards from surrounding skin. Excitation applied is in 280—
440 nm region. Fluorescence emission were measured between 300 nm and 800 nm. SFS measure-
ments were performed with excitation wavelength in the spectral range of 280440 nm with wave-
length interval in the range of A\ = 0-200 nm increment of 10 nm.
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3. Results and discussion

EEM data and SFSfor different excitation wavelengths of hormal skin are presented in Fig. 1a) and
b). On the next two figures are presented our results when lesion was investigated — Malignant Mela-
noma (MM) (fig. 1a) and b)). In the spectra detected we observed signals from amino acids — tyrosine
and tryptophan, structura proteins such as collagen and el astin, their cross-links, as well as keratin.

Wavelength interval Ak [nm]

(d)
Fig. 1. @) and b) EEM map, c) and d) SFS map of normal skin tissue and MM respectively

The fluorescence spectra with excitation in the deep UV range (260-280 nm) is dominated by the
aromatic amino acids tyrosine, phenylaanine and tryptophan — with maxima at 300-350 nm. The
NADH metabolic co-factor has excitation maximum at 340 nm and emission at 450-470 nm. Respec-
tively, the flavins have excitation at the 420460 nm and fluorescence maximum at 500-520 nm. Col-
lagen type | has been excited at the region of 320-390 nm and emit fluorescence at 390-420 nm.
Elastin has two excitation maxima — around 280 and 360 nm, and emission maxima are centered
around 350 and 410 nm. The protein cross-links excitation maximum is around 380-420 nm and the
emission maxima are around 390440 nm and 460-500 nm for collagen and elastin respectively. The
decrease in the fluorescence intensity of the malignant tissues is due to cancer induced destruction of
collagen and elastin cross-links surrounding the tumor cells.

The main differences observed between the fluorescence spectra of healthy skin and cancerous tis-
sue are in the intensity of the fluorescence from the amino acids — tyrosine and tryptophan, the en-
zymes and coenzymes NADH and FAD, and from the structural proteins elastin and collagen. In the
SFS spectra of cancerous tissue, additional difference, in comparison with the SFS spectra of normal
tissue is the spectral shift of the NADH and FAD maximain the range of the FAD fluorescence, which
can be interpreted like increasing of FAD contained in the cancerous tissue or it's aresult of the lower
NADH fluorescence in combination with the superior sensitivity of the SFSto EEMs.

We foresee to increase our database of EEM and SFS data, including other skin pathologies, benign
and malignant lesions. Data received will be applied for improvement of optical fluorescence diagnos-
tic system prototype, which we intend to introduce into clinical practice for initial detection of skin
neoplasia. This technique has potential to provide real-time diagnosis of malignant and premalignant
skin tissue, eliminating the invasive of biopsy and the histopathol ogy procedures.
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Abstract. Bile duct and pancreatic cancers threaten life; few are amenable to definitive surgery. Photody-
namic Therapy (PDT) is under assessment as adjunctive therapy to slow tumour growth. Most studies suggest
PDT increases survival for bile duct cancers, but randomized studies are contradictory. More randomised trials
are needed (stenting with and without PDT), ensuring all other factors, particularly chemotherapy, are identical
in each group. PDT produces necrosis in pancreatic cancers which heals safely. New imaging options improve
prediction of necrosis extent. New trials will deliver light using an echoendoscope rather than percutaneously,
combine PDT with chemotherapy and treat pre-cancerous pancreatic cysts.

Background

Pancreatic and biliary cancers have a poor prognosis apart from the few suitable for surgical resec-
tion. For inoperable bile duct cancer, tumour growth blocks the flow of bile from the liver to the intes-
tine so the main aims of palliation are to maintain the flow of bile and to dow tumour progression.
Metal or plastic stents can be inserted endoscopically to hold the duct open, but these can get blocked
by tumour growth. Radiotherapy and chemotherapy can slow down overall tumour progression alittle.
PDT is being assessed as a means of suppressing tumour growth in and around the bile duct.

Pancreatic cancer is one of the worst cancers. Less than 1 in 10 survive for more than a year after
diagnosis. 90% are inoperable and the response to chemotherapy and radiotherapy is poor, only in-
creasing survival by a few weeks. PDT has been shown to produce local areas of necrosis in these
cancers without serious complications. Techniques are now being explored to refine this approach and
combine it with chemotherapy.

M ethods

Bile duct. Over the last 10 years, severa groups around the world have tried adding PDT to con-
ventional stenting for bile duct cancer, and this has appeared to show some improvement in survival
[1]. A Korean study compared stenting with and without PDT and no other treatment (no radiotherapy
or chemotherapy). This showed a 2.5 month increase in survival, but the trial was not randomized [2].
A UK trid (not yet published in full) was randomized between stenting with and without PDT, but
was not controlled with regard to chemotherapy.

Pancreas. PDT for pancreatic cancer was first described using the photosensitizer mTHPC in 2002
[3] and shown to be safe with percutaneous, image guided light delivery. The current study used ver-
teporfin with asimilar protocol and described refinementsin correlating the extent of necrosis with the
treatment parameters (drug and light dose) using contrast enhanced CT imaging [4]. This has led to the
devel opment of amajor ongoing programme which is just getting under way.

Results and Future Plans

Bile duct cancer. The results of the randomized UK study of stenting with and without PDT were
unexpected and disappointing. The patients receiving PDT had a shorter survival than those who did
not. However, detailed analysis revealed unanticipated confounding factors. The patients had not been
randomized with regard to adjuvant chemaotherapy. Those in the control group received more chemo-
therapy and at an earlier stage than those in the PDT group (unlike the Korean study, where the pa-
tients received neither radiotherapy nor chemotherapy). Thus the true value of PDT in bile duct cancer
is still unclear. A new randomized study is required, comparing stenting with and without adjuvant
PDT, but in which every patient receives exactly the same chemotherapy regime.

Pancreas cancer. The recent study using verteporfin (shorter period of photosensitivity than
mTHPC) showed that the extent of necrosis correlated better with the vascularity of tissue around the
tumour, as documented on contrast enhanced CT, than with the drug and light dose. In one case, an
inoperable cancer became operable after PDT (the first such case documented). Our anticipated new
developments are a) to deliver light to the pancreas with the optical fibre passed through an echoen-
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doscope, to avoid the need to pass needles through the skin and across the stomach, b) to combine
PDT with chemotherapy, and c) to treat pre-cancerous cysts in the pancreas.

Verteporfin PDT. Left: contrast CT, low attenuation massin head of pancreas. Centre: needle in tumour.
Right: day 5 post PDT contrast CT with zone of necrosisin pancreatic head [5]

Conclusions

PDT shows promise for increasing survival in inoperable bile duct cancer, but the evidence is not
yet strong enough to recommend it as a routine treatment. PDT can produce necrosis in localized pan-
creatic cancer, but many further studies are required to establish the best way to use it and whether it
can be combined with chemotherapy
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Abstract. Advisability and efficacy of different imaging techniques in PDT monitoring are demonstrated and
compared. None of considered techniques demonstrated sensitivity to al PDT components proving that multimodal
approach in PDT monitoring is reasonable. Ways for further improvement of the techniques are proposed.

Photodynamic therapy (PDT) is a modern minimally invasive treatment technique, which provides
selective multi-factorial damage of tumor tissue [1]. The dependence of the procedure efficiency on
the parameters of blood flow, tumor oxygenation, individual interstitial photosensitizer biodistribution,
and kinetics of light-drug and light-tissue interaction necessitates transition from regimes devel oped
on the basis of empirical exposure selection to application of personalized treatment approaches on the
basis of objective monitoring of the various PDT components [1].

In this connection, development and introduction to clinical practice of different noninvasive opti-
ca imaging techniques, including fluorescence imaging [2, 3], optical coherence tomography (OCT)
[4], laser Doppler fluorimetry (LDF) [5], spectroscopic techniques for assessing oxygenation and con-
centration of photosensitizer [6] are the most promising.

The aim of this work is to compare advisability and efficacy of different imaging techniques in
PDT monitoring.

M aterialsand methods

The work is performed at the Nizhny Novgorod Oncologic Clinic. A total of 950 patients were
enrolled in the study underwent PDT of skin, cervical, and vulvar tumors. Fluorescence imaging, laser
spectroscopy, OCT, LDF were treated as the monitoring techniques. Fluorescence parameters were
evaluated using fluorescence imaging system (LLC "Atkus' .S. Petersburg), spectroscopy was per-
formed using a laser spectroscopy system LESA (JSC "Biospec”, Moscow), OCT inspection was per-
formed using OCT-1300U ( IAP, LLC "BioMedTeh", Nizhny Novgorod), and laser analyzer of capil-
lary blood flow LAK-2 (LLC ”"Lazma’, Moscow) was employed for LDF. Comparative analysis of the
obtained monitoring data was performed.

Results

Anaysis of the collected data showed that fluorescence diagnostics and spectroscopy alow estimat-
ing the accumulation of a photosensitizer (PS) and its photobleaching level, which can be used to predict
the immediate and long-term results: in patients with high accumulation of PS recurrence rate of 4.1%
was observed against 9.5% for cases of low accumulation and no accumulation of the drug (p = 0.044).
A tendency towards increase in recurrence rate is noted in the absence of PS photobleaching reaching
10.4% versus 4.4% for the full and partial photobleaching (p = 0.051), a combination of high accumula-
tion and complete photobleaching resulted in percentage of full tumor responses of 94% with a 3% re-
currence rate (follow-up period lasted up to 25 months). OCT allows for real time assessment of changes
in tissue structure in course of PDT process which may be used for early monitoring of the selected re-
gime efficiency. LDF data provide information on changes in the vascular component of photodynamic
treatment.

It is worth mentioning that none of these techniques demonstrated sensitivity to all PDT compo-
nents, as aresult, the drawbacks of the techniques were outlines and ways for further improvement of
the techniques were proposed.

In order to improve the efficiency of fluorescent imaging, we improved the hardware and software
base of diagnostic equipment. The technique for quantitative evaluation of the fluorescence integral
level from the entire tumor area was developed, allowing accounting for the heterogeneity of the tu-
mor tissue (Fig. 1a). The technique for real time photobleaching monitoring directly in the course of
PDT process was also developed, which will further allow personalization of the laser radiation para-
meters basing on threshol ds photosensitizer concentrations (Figure 1b).
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Fig. 1. Monitoring of PDT process with fluorescent imaging: a) quantitative evaluation of integral fluorescence
level from the entire tumor area compared to corresponding fluorescence from the hedthy skin site (male pa-
tient, 67 years old, primary basa cell skin cancer behind the left ear N2NOMO, stage I, 30x25 mm) b) red-
time photobl eaching monitoring directly in the course of model PDT procedure with chlorine E6 photosensitiz-
er (Photoditazin, Vetagrand, Russia) diluted at concentration of 1 png/ml in 1% Lipofundin solution, the object
isirradiated with 662-nm laser with intensity of 0.3 W/cn?, dose density of 400 Jcm?

Improved OCT setup was also employed for monitoring. We revealed that cross-polarization OCT
(CP OCT) is able to detect key morphologica changesin the course of PDT treatment of skin and cer-
vical cancer (edema, necrosis, structure recovery). The higher efficiency in OCT employment can be
reached for long-term monitoring (30-35 days after PDT procedure) for evaluation of the complete-
ness of tissue stroma component recovery. OCT monitoring of tumor blood flow also has high poten-
tial as an early indicator of biologic response to PDT treatment.

Employment of the novel class of PS allowing to perform theranostics are perspective for PDT op-
timization. Wide classes of markers known as molecular rotors being excited by light induce singlet
oxygen production and demonstrate string dependence of fluorescence parameters on medium viscosi-
ty. This ability determines the possibility of their employment as photosensitizers for PDT which a-
low to observe photodynamic reaction by variation of intracellular viscosity [7].

Currently, our studies show that multimodal approach in PDT monitoring is reasonable. Compara-
tive anaysis revealed complementary instead of competitiveness of the considered techniques, and
confirmed the possibility of their combined use to monitor various aspects of PDT. Improvement of
monitoring techniques and further studies on their applications are required for development of the
protocol for clinical use and optimization of PDT treatment parameters.
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Abstract. Existing methods for treatment of early forms of cervical and vulvar neoplasia are not sufficiently
effective and excessively aggressive. The alternative method used is photodynamic therapy (PDT). The paper
discusses the application of optical bioimaging techniques for monitoring of PDT of the lower genital tract pa-
thology. A total of 215 female patients undergone PDT treatment. Planning and monitoring of PDT was per-
formed using optical methods: fluorescence imaging and optical coherence tomography (OCT). It was shown
that applied optical bioimaging techniques have high potential not only for controlling, but also for individuali-
zation of treatment of cervical and vulva pathologies.

Cervical and vulvar pathology remains one of the most important problems in gynecology as they
have a significant impact on the basic functions of the female body (sexual and reproductive) and pre-
dispose to the development of genital cancers[1, 2]. Existing methods for treatment of early forms of
cervica and vulvar cancer and precancer are either not sufficiently effective, or excessively aggressive
[1, 3]. The alternative method used is photodynamic therapy (PDT) [4, 5]. For efficient use of PDT for
treatment of cervical and vulvar pathologies it is important to properly choose the PDT modality and
regime. The paper discusses the use of optical imaging techniques for optimization and personalization
of PDT of the pathology of the lower genital tract.

The study was performed at the Oncogynecologica department of Regional Oncological Hospital.
A total of 215 patients with the pathology of the lower genita tract undergone PDT treatment, includ-
ing 86 with cervical intragpithelial neoplasia (CIN) and cervical cancer in situ (CIS), and 129 with
vulva pathology, including 28 cases of vulvar cancer and high grade vulvar intraepithelial neoplasia
(VIN) and 101 cases of cancer precursors: lichen sclerosus (LS), squamous cell hyperplasia (SCH). In
this study we used the chlorine photosensitizers (PS) in a dose of 1 mg per kilo of weight; the drug
was injected intravenoudy with 200 ml of saline solution during 30 minutes. Laser irradiation was
done at the wavelength of 662 nm. In CIN and cervical cancer laser irradiation was performed in 1.5—
2 hours after PS injection. Light dose was 100-200 Jcm?, intensity was 250400 mW/cm?. In vulva
pathology the laser irradiation was conducted under general anesthesia (narcosis, spinal or epidura
anesthesia) in 2-3 hours after drug injection. The total light dose was 100-200 Jcm? for areas with
benign vulva pathology and VIN, 200-300 Jcm? for areas with cancer in situ, and 300-400 Jcm? for
areas with local vulvar cancer recurrence. The light intensity amounted 0.7-0.9 W/cm?, 1-2 W/cn?,
and 1.5-2 W/cm’ respectively. Follow up period varied from 2 to 72 months, with median value of 35
months. Assessment of the immediate and long-term results was based on a comprehensive diagnosis
including clinical data (visual inspection, survey), instrumental (colposcopy, OCT) and laboratory (cy-
tology, histology, polymerase chain reaction (PCR)) techniques. Planning and monitoring of PDT was
performed using fluorescence imaging and OCT. Fluorescence imaging was performed with the sys-
tem based on the laser radiation source at wavelength of 622 nm and photodetection unit with central
wavelength of 755nm. OCT imaging was performed using “OCT-1300U" device (probing wavelength
is 1280 nm, in-depth resolution is 15 um, lateral resolution is 30 pum, imaging rate is 8-10 frames per
second, probing depth is up to 2 mm, replaceable endoscopic probe with 2.4 mm in diameter).

No complications or side effects were observed in follow-up of PDT procedure. In cervical pathol-
ogy (CIN3 and CIS) visual inspection, colposcopy and OCT in the early stages (1.5-2 months) re-
vealed signs of cervicitis. The long-term results did not demonstrate sings of malignancy by col posco-
py and OCT. Cytological studies did not revealed atypiain 46 cases, in 28 cases CIN 1 was founded ,
and in 12 cases CIN 2 was diagnosed. PCR study prior to PDT procedure revealed HPV in al 86 cas-
es, after PDT HPV was not identified in 75 cases. In course of 12 months follow-up period no CIN
progression or recurrences were diagnosed. Optical diagnostics allowed to optimize and personalize
the PDT treatment. Thus, fluorescence imaging allowed determining the optimal time of laser irradia-
tion. OCT was used in the group of patients where PDT was used as an additional treatment technique.
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In this situation, OCT data were decisive for determining the indications for PDT and choice of treat-
ment protocol.

In case of prevalence of malignant types of OCT images excision of the cervix was chosen as the
primary treatment technique. PDT was performed either as neoadjuvant treatment a month before the
excision in order to reduce the amount of tissue removed, or after excision as adjuvant therapy in the
morphological verification of positive tumor margins. In case of CIN 1,2 and benign OCT images ei-
ther treatment was not performed and the patient was a subject for monitoring, or PDT was performed
as anti-inflammatory therapy. In case of vulvar cancer in most cases PDT was followed by a complete
or partial tumor response; stabilization and progression were detected only in 2 and 1 case, respective-
ly. In benign vulva pathology two-thirds of the total patients reported relief of symptoms while the
other demonstrated a significant reduction of the disease manifestation.

It is worth mentioning that all PDT failures were received in case of recurrence tumors. In these
cases weak accumulation of PS was expected associated with scar changes on the periphery of the tu-
mor, developed as a consequence of previous treatment. However, fluorescence imaging did not reveal
such a correlation. In our opinion, | this respect the fluorescence imaging system employed in the
study requires modification. Further studies are needed to reveal the potential of the fluorescence im-
aging as a technique for monitoring of PDT aiming for individualization of treatment and predicting
outcomes.

Obtained results correspond to the data reported by other authors on the effectiveness of PDT and
the possibility of using it as an aternative treatment of noninvasive carcinoma and cancer precursors
of low genital tract [6, 7]. In our opinion, PDT is the method of choice in recurrent vulva carcinoma.
Failures are associated with inadequate light dose and insufficient PS accumulation in tumor. These
effects can be minimized by employing adequate techniques for treatment planning and monitoring.
Application of such methods as fluorescent imaging and OCT has high potential not only for control-
ling, but also for individualization of treatment of cervical and vulva pathologies.
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Abstract. Iron deficiency can be detected by measuring the fluorescence of zinc protoporphyrin IX (ZnPP)
in red blood cells. We have developed a non-invasive optical fiber-based method that does not require a blood
sample to measure ZnPP-fluorescence in the microcirculation of the lower lip. The autofluorescence background
is greatly reduced by excitation with two wavelengths (407 nm and 425 nm) and subtraction of the correspond-
ing emission spectra. A spectral decomposition of the resulting difference spectrum yields quantitative values for
the ratio of ZnPP/heme, which is the relevant measure to assessiron deficiency.

I ntroduction

Iron deficiency affects up to 2 billion people worldwide, predominantly infants, children and wom-
en of childbearing age, especialy during pregnancy. Iron deficiency causes anemia, compromises im-
mune function, decreases physical performance, leads to lower birth weight and preterm delivery, and
is responsible for irreversible detrimental effects on cognitive development in early childhood [1].
Populations in developing countries are at the greatest risk for these adverse effects of iron deficiency.

With iron deficiency, the supply of iron to the developing red blood cell becomes insufficient, mak-
ing divalent iron unavailable for insertion into protoporphyrin IX (PplX) to form heme. Instead of di-
valent iron, zinc ions are then inserted into Ppl X, forming ZnPP. Unlike heme, ZnPP (in hemoglobin)
is fluorescent when excited at 425 nm. Iron-deficient erythrocytes are red fluorescent (peak at 590
nm). This fluorescence can be measured by conventional hematofluorometers on blood samples ob-
tained by veni- or finger-puncture, yidding values caibrated in pmol ZnPP/mol heme. This ratio is
generally independent of the concentration of erythrocytes in the sample. No non-invasive method to
measure erythrocyte ZnPP has been available.

Tissue autofluorescence intensity is two orders of magnitude greater than the signal from erythro-
cyte ZnPP, even in iron-deficient individuals. To quantify ZnPP, this autofluorescence background
must be eliminated.

Results

We have previously shown that ZnPP fluorescence can be detected from whole blood in vitro with
sequential excitation at 407 nm and 425 nm followed by calculation of difference fluorescence spectra
to diminate the background fluorescence of plasma proteins (Fig. 1 left and Fig. 2) [2]. With a fiber-
based (1 mm quartz fiber) device, fluorescence spectra were recorded from the lower lip in vivo (Fig. 1
right) and calculated in a similar manner, resulting in difference spectra in which the contribution of
ZnPP fluorescence was comparable to its contribution in whole blood despite the much lower
concentration of erythrocytesin the tissue (Fig. 3).
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Fig. 1. Fluorescence spectra of whole blood and tissue (lower lip) of an iron-deficient individual
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With spectral decomposition, the contributions of ZnPP, PplX, background and blood absorption to
the fluorescence spectra can be quantitatively disentangled. The amplitudes for the ZnPP contribution
correlate with the ratio pmol ZnPP/mol heme.We have further improved the device by implementing
an agorithm for assesment of the tissue blood volume and are currently evaluating its performance in
alarger clinica study.
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Abstract. Photodynamic therapy induces cell death mainly through the production of the highly reactive
singlet oxygen after the photoactivation of a sensitizer compound. Until the present, most of the clinical proto-
cols are for the treatment of cancer lesions. Several studies have showed efficacy of the photodynamic inactiva-
tion (PDI) of bacteria, fungi, and protozoa species. Clinical protocols and optical instrumentation were devel-
oped based on the infected host tissue and microorganism characteristics. The results of the experimental and
clinical studies for onychomycosis and pythiosis showed the efficacy and safety of the PDI.

I ntroduction

Photodynamic therapy (PDT) is a treatment modality that was initially developed for the cancer le-
sions, especially for carcinoma at skin or mucosa at fiberoptically accessible organs, as ora cavity,
esophagus and bladder. Its main action mechanism is based on the production of singlet oxygen and
other reactive species after the photoactivation of a sensitizer compound. The photosensitizer must be
previoudy delivered to the target tissue, and the photodynamic reaction only starts to take place with
the illumination of a specific wavelength. Nowadays, PDT has been also approved for the treatment of
potentially malignant lesions, as actinic keratosis and Barrett’'s esophagus, and for facial cosmetics.
The photodynamic inactivation (PDI) for the treatment of several species of microorganisms has also
been presented [1-4]. The main advantage of the PDI is the local response with low side effects. PDI
application is especialy relevant for infectious diseases, where there is no effective treatment option
or with poor response to the available antibiotic drugs.

Onychomicosis

Onychomycosis is a funga disease that affects the nails, mainly of the feet. The conventional
treatment is based on the topical application and oral administration of an antifungal drug [5]. Unfor-
tunately, the drug distribution in the infected tissue is not adequate, so the treatment may usually takes
at least 6 months. The antifungal compounds are toxic for the kidney and liver, so the prolonged
treatment can result in arelevant side effect, aswell asit shows a high patient drop out.

In vitro assays. Inactivation fungi experiments were performed on Candida albicans, Trichophyton
rubrum and Trichophyton.mentagrophytes evaluating a a haematoporphyrin derivative (Photogem®,
Russia) and a curcumin (PDTPharma®, Brazil) under different irradiation protocols. The best results
were achieved with curcumin and 35 mW/cm? at 450nm LED illumination.

Clinical trial. A customized device for the onychomycosis treatment was developed [6].
The 450nm LED-based device was specially designed to deliver a uniform illumination and address-
ing a comfortable wearable unit. The present protocol starts with a polishing nail session and the ap-
plication of urea cream. The PDT session is performed using a curcumin gel incubated for 30 minutes
and 120 Jem? irradiation. The number of PDT sessions varies depending on the case, but the average
complete response is achieved after 6-8 sessions.

Pythiosis

Pythiosis is an infection caused by a fungus-like microorganism called Pythium insidiosum, but due
to the lack of ergosterol, the main target of the antifungal drugs, at its cell wall, no treatment response
is observed. The most used treatment is the surgical resection, even with a high recurrence rate, since
it isdifficult to delimitate the infected tissue with the fast hyphal growth. Horses and dogs are the an-
imals most affected by pythiosis, but it has been already identify in humans, goats, calves, cattle, and
recently in birds[7-9].

In vitro assays. The oomycete isolate was obtained from a horse attended at the School of Veteri-
nary Medicine and Animal Science at Universidade Estadual Paulista (Botucatu, SP, Brazil). It was
evaluated 3 different photosensitizers. a haematoporphyrin derivative (Photogem®, Russia), glucosa
mine salt of chlorine (e6) (Photodithazine®, Russia) and MB (Sigma Aldrich®) in different concentra-
tions, incubation times and irradiation parameters. PDT was evaluated on both, zoospores and hyphae

240



form of the microorganism. The best PDT response was obtained for the Photodithazine reaching
100% of hyphae inhibition and zoospores inactivation. This result agrees with the dye distribution ob-
served on the kinetics study due to its homogeneous distribution inside the cell [10, 11].

In vivo assays. Ten thousand zoospores were injected subcutaneously on New Zealand rabbits and
the PDT treatment started when the lesions reached 1 cm in diameter. The Photodithazine was admi-
nistered intravenously and its presence on the lesion was monitored by laser induced fluorescence
spectroscopy. After the dye detection, the PDT treatment started. Histology analysis revealed that the
infection was cured in 19 animals. In one animal, the disease affected the bone and, for this reason, the
PDT was not effective.

Veterinary clinical case. PDT was evaluated in a horse attended at Veterinary Medicine School
from S&o Paulo State (Universidade Estadual PaulistasUNESP) with pythiosis lesion in fetlock region
in right hind limb with 20 centimeter in diameter. The animal aso showed compromised of motor
function due to lesion size and pain. Surgery resection was performed and twenty-four hours later the
photodynamic therapy treatment started. Chlorin €6 diluted in DM SO was injected in different sites of
the lesion and the irradiation was carried out using a 660nm diode laser. Immediately after the first
PDT session it was observed that the exudate was interrupted and lesion dried. Five days after the pro-
cedure it was observed discrete granulation tissue. Fifteen days later, the lesion recurred and a new
PDT session was performed. Five days after the second PDT session it was observed healing tissue,
recovery of motor function and absence of kunkers. No recurrence was observed within 30 days.

A LED-based device at 660nm was later designed to reduce the PDT illumination time [12].

Conclusions

Photodynamic therapy is an attractive treatment option for the local treatment of infectious diseas-
es, especidly for the ones that show low or none response to the available therapies. PDI protocols
must be safe for the host tissues and show high microorganism inactivation rates. Effective photody-
namic response was observed for onychomycosis and pyhtiosis for the developed instrumentation and
PDT parameters.
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Abstract. The paper presents the results of study of native tumor samples of different locations using nonli-
near laser scanning microscopy (LSM) in second-harmonic generation (SHG) and two-photon excitation fluores-
cence (2PEF) modes. The differences in the structure of normal tissues, tumors and metastatic lymph nodes were
revealed, with attention paid to the state of collagen and elastin containing structures and, stromal-parenchymal
relationship. The potential of LSM in intraoperative rapid diagnosis of tumors and their metastases was eva-
luated. Employment of two-photon excitation following by spectral selection of fluorescence and backscattering
SHG combines high spatial resolution, minimal time requirements, and no need of pre-histological staining of
samples, which allows to detect alterations that are not visible with the routine microscopy.

Development of organ-preserving treatment techniques in oncology requires development of novel
diagnostic techniques. Intraoperative rapid diagnosis is of key importance as it should provide under
time constraints the data, which determine the amount of surgical intervention: diagnosis of the tumor,
the differential diagnosis of malignant and benign tumors, the presence of cancer cells at the resection
line [1]. Additionally, the information on specific molecular features of tumorsis of importance. In the
study of surgical specimens it is important to obtain such information from the native tissue without
specia preparation and staining of samples. In recent years the potential of 2PEF microscopy for such
studies has been investigated [2, 3]. The studies mainly focus on such objects as the skin; the tech-
nique was also applied for the diagnosis of gliomas [4, 5]. Thus, development of a technique that can
be applied to a wide range of tumorsisatopical problem. The aim of present paper isto study the po-
tential of 2PEF microscopy for detection of endogenous fluorophores and spectral features of ex vivo
native tumor tissue (biopsy and postoperative samples) from different localizations.

The study employed laser scanning confocal microscope CarlZeiss LSM 510META. Femtosecond
laser MAITAIHP (SpectraPhysics) with a pulse repetition rate of 80 MHz and a duration of about 100
femtoseconds was used as a source of exciting radiation. Samples of breast and colon tumors were
studied. Elastin and collagen were studied as endogenous fluorescent markers of unaltered and tumor
tissues. It is known that collagen and elastin have very similar absorption and emission spectra, there-
fore the excitation wavelength of 800 nm (the upper limit of eastin two-photon absorption spectrum
[6]) was used. In this case, elastin can be imaged due to its multiphoton fluorescence, while collagen,
which is an anisotropic medium, generates the second harmonic of probing laser radiation. The use of
two-photon excitation provides high image quality and imaging depth compared to the single-photon
confocal mode because scattering and absorption of NIR radiation in tissues are smaller compared to
those of UV or visible range. This nonlinear mechanism of excitation provides better localization of
excitation in the bulk sample. Detection was performed simultaneously in the two channels using fil-
ters in the range of 362-415nm and 480-554nm. At the excitation power of 5 mW this approach a-
lowed to visualize the structure of elastin and collagen fibers in unstained samples. As a result of the
selective detection of the signal from collagen and elastin the obtained images were composed of two
channds: signal from collagen (backscattering SHG), multiphoton fluorescence from elastin; an over-
lap of these two images provides the structure of the samples.

Our study revealed differences in structure of normal tissues and tumors. For example, in adeno-
carcinoma of the colon, in addition to general disorders of tissue anatomical structure blurring of cell
and basal membranes contours accompanied by their thinning were observed. At the same time we
detected reduction of elastin content in basal membrane of tumor glandular-like complexes. Simulta-
neously we found decrease of mucus production by tumor cells, which is typical for normal epithelia
cells of the colon, and appears in the images as intracellular dark round inclusions. Moreover, the in-
tensity of mucus production was higher in well-differentiated tumors compared to poorly differen-
tiated tumors. In the lamina propria of the colon the content of collagen and elastin was amost the
same with a dight predominance of collagen elements. Stroma of colorectal adenocarcinomas differed
by shift of thisratio towards elastin prevalence, more prominent in well-differentiated tumors.
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The opposite trend is noted in comparison of structure of normal breast tissue with its infiltrating
carcinoma, namely, reduction of elastin content relative to normal tissue can be observed in neoplasm.
Similar to adenocarcinomas of the colon, we detected blurring of the contours of membrane structures
of cells and tumor complexes. In normal mammary gland we identified various content and distribu-
tion of collagen and elastin in its structural and functional elements. Thus, in parts of acinar lobules we
detected considerably larger collagen content compared to interlobular connective tissue, where the
prevalence of elastin was noted.

In the study of a lymph node using nonlinear LSM we hoted visualization of the inspected object
structurd elements: the germinal centers of the follicles, mantle zone, and interfollicular areas. At the
same time, the structure of myelinated cords, sinuses and capsule of the node were not clearly distin-
guished, which requires special attention in further studies. In the lymph node with metastasis of can-
cer (colon adenocarcinoma) we revealed complete destruction of the structure with displacement of
the lymphoid tissue with carcinoma metastases. Collagen and elastin content in metastatic complexes
was equal to that in the tumor node (in the colon).

In the elagtin detection channel the local signals of high intensity were found from individua cells.
Since the excitation was performed at a wavelength of 800 nm while fluorescence was detected in the
range of 480-554nm, this range also includes the signal from the leukocyte and macrophage lyso-
somes. In the study of lymph node with metastasis of cancer, such cells were found in smaller amount,
which allows us to conclude on the possible development of the immune response block due to tumor
growth (specific influence of tumor on the response of lymphoid tissue).

To conclude, currently we have shown that:

— Technique of using multiphoton excitation followed by spectral selection of fluorescence and
backscattering SHG combines high spatial resolution, the minimal time requirement, and no need to
pre-staining of histological samples;

— Different collagen and elastin content in different tumor types allows differentiating not only be-
tween benign and malignant tumors, but also carcinomas of various degrees of differentiation;

— Employment of the technique allowed to determine the signs of blocking the immune response of
lymph node tissue in case of metastasis, which potentially can be used for early diagnosis of metastas-
es not visible by conventional methods of morphological, and requires further investigation.

Thus, selective visualization and further evaluation of collagen and e astin condition are of interest
for the diagnosis of cancers and their lymphogenous metastases in course of intraoperative rapid biop-
sies. LSM visualization of endogenous fluorophores for detection of malignant tumors and their bio-
logical features requires further study.
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Abstract. The work objective was studying the dynamics of radiation-induced changes of normal tissues by
multiphoton microscopy (MPM). MPM is based on non-linear processes such as two photon-excited fluores-
cence (TPEF) from endogenous fluorophores and second harmonic generation (SHG) from non-centrosymmetric
molecules (collagen). Fourteen patients (12 underwent preoperative radiation therapy for rectal cancer in atotal
dose of 40 Gy or 50.4 Gy, single dose 2 Gy, and two patients who underwent only surgery were enrolled. Sur-
gery was performed in 4-6 weeks after completing the radiation therapy. MPM-imaging of normal rectal tissue
was performed by LSM 510 Meta (Carl Zeiss, Germany) with femtosecond Ti-Sa laser MAI TAI HP (Spectra
Physics, USA). MPM-images of rectal tissue after irradiation were characterized by irregularity and blurring of
collagen fibers and bundles, the decrease of number of collagen-bearing structures and other signs reflecting the
processes of collagen degradation. MPM microscopy alows evaluating radiation-induced changes of normal
tissues after ionizing radiation and gets information in addition to standard and special histological staining.

Radiotherapy, like al other cancer treatment modalities, not only results in beneficial effects with
regard to tumor control, but also is associated with side effects in disease-free normal tissues. One of
the crucial mechanisms of the development of late radiation adverse events is the activation of the syn-
thesis of the excessive amount of collagen in irradiated tissues that can lead to radiation induced fibro-
sis. That is why the study of the processes of radiation induced damage and subsequent remodeling of
collagen in organs that were included into planning treatment volume is of great importance. Organs
that are frequently affected by pelvic radiotherapy are the urinary bladder and the rectum, as they are
included in the treatment field of a wide variety of tumors, namely malignancies of prostate, ute-
rug/cervix etc. New optical tools that provide information about structure and function of biological
tissues open the opportunity of studying the processes of radiation-induced damage and consequent
remodeling. MPM is based on non-linear processes such as two photon-excited fluorescence (TPEF)
from endogenous fluorophores and second harmonic generation (SHG) from non-centrosymmetric
molecules. The main endogenous fluorophores are NADH, NAD(P)H, flavoproteins, lipofuscin, eas-
tin, melanin and metal-free porphyrins. Our work objective was to study if MPM may give additional
information about radiation-induced changes in normal tissues that were included into the treatment
volume in the course of radiation therapy.

From February 2014 to October 2014, fourteen patients were enrolled into the study. Twelve pa-
tients underwent preoperative radiation therapy (PRT) for rectal cancer in a total dose of 40 Gy or
50.4 Gy, single dose 2 Gy. Two patients underwent surgery only for the disease. Surgery was per-
formed in 4-6 weeks after completing the radiation therapy. Samples of normal recta tissue were
fixed in 10% neutral formalin and embedded in paraffin. Paraffin-embedded material was sectioned on
the slices 10 pm thick and the slices were deparaffinized and studied by LSM 510 Meta (Carl Zeiss,
Germany) with femtosecond Ti-Sa laser MAI TAI HP (Spectra Physics, USA). The study was per-
formed with following settings: excitation wavelength 800 nm, registration at two wavelength ranges:
362—415 nm for detecting SHG signals from collagen fibers and 512-576 nm for detecting two pho-
ton-excited fluorescence from elastin. The excitation light was focused onto the sample using 40x
(NA 1.3) objective with oil immersion. The same material was prepared using Van Gieson (for colla-
gen) staining. This staining is a standard method of estimation of tissue collagen and was used as a
method of comparing with LSM images.

MPM-images of non-irradiated rectum demonstrated a stratified structure with well-delineated epi-
thelium, basal membrane and lamina propria and an accurate border between epithelium and submu-
cosa. Collagen and elastin structures formed smooth bundles of various thickness situated in one direc-
tion. All structures are clearly determined. Crypts are of the same size, form and location. A basal
membrane presents a thin smoath line of the same thickness with an ordered fiber's structure on al its
extent. Lamina propria presents a combination of smooth muscle fibers and connective tissue fibers.
Muscle fibers have equal size, form and direction (Fig. 1).
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Fig. 1. MPM-images of non-irradiated rectum. Image size 202x202 um.
a— SHG signals from collagen fibers, b — 2PEF signals from elastin, ¢ — merged image

In 4-6 weeks after RT completing MPM-images of rectal tissue demonstrated essential disorders of
normal structure reflecting first of all the processes of collagen and elastin degradation and disorgani-
zation (Fig. 2). We observed a loss of stratified mucosal structure, changes of epithelia cells, and a
decrease of epithelial layer thickness. The basal membrane was thickened due to tissue edema. Muscle
fibers became gyros and thickened, there were foci of fiber’ s breaks and replacement of damaged bun-
dles by connective tissue. Collagen and elastin fibers demonstrated a loss of ordered structure and di-
rection with a decrease of number of connective tissue structures. The contours of collagen and elastin
fibers became blurred and unclear, the fibers were of variable thickness, the thickened fibers prevailed
because of continued edema and swelling. Besides, instead of ordered bundles and fibers we observed
a chaotic fibers distribution, essentially in the submucosa layer. The disorganization, fragmentation
and disorientation of smooth muscle fibers and bundles was observed too. In general, al this manife-
stations reflect the processes of |ocal degradation of extracellular matrix.

Fig. 2. MPM-images of rectum in 4 weeks after RT in adose of 40 Gy. Image size 202x202 pm,
a— SHG signals from collagen fibers, b — 2PEF signals from elastin, ¢ — merged image
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Abstract. Photodynamic therapy (PDT) is a modern technique that can be employed for treatment of loca-
lized and advanced forms of cancer in situations when standard treatment is unacceptable. PDT can serve as a
basic or supplementary treatment, and as a radical or palliative method. Results of PDT of lung, esophageal, la-
ryngeal and gastric cancer are shown in this study. Our first results of endoscopic PDT demonstrated good toler-
ance of this technique, absence of complications and side effects. None of patients with localized cancer has died
because of primary tumor progression. In advanced cancer the quality of life was improved and lifetime was
increased. Endoscopic PDT requires further investigation and optimization.

Lung, gastric, esophagea and laryngeal cancers are the leading cause of death among oncological
diseases [1]. Photodynamic therapy (PDT) is a modern technique that can be employed for treatment
of both localized and advanced forms of cancer [2, 3]. In some cases standard treatment like surgery,
radiotherapy or chemotherapy is unacceptable for many reasons. advanced age, severe comorbidity, or
multiple tumors. PDT is an alternative treatment technique in such situations. PDT can serve asabasic
or supplementary treatment, and as aradica or palliative method [4].

PDT of lung, esophageal, laryngeal and gastric cancer has been introduced into practice in the
Nizhny Novgorod Regional Oncological Hospital since October 2012. 26 patients have undergone
PDT with total of 48 PDT procedures (22 repeated procedures). Patient cohort included 9 patients with
gastric cancer (7 localized, 2 advanced), 9 patients with esophageal cancer (3 localized, 6 advanced),
6 patients with lung cancer (one localized, 5 advanced), 2 patients with laryngeal cancer. Photoditazin
(with absorption peak at 662 nm) was used as a photosensitizer for PDT. Photoditazin was adminis-
tered intravenously in dose of 1 mg/kg followed in 1.5-2.0 hours by endoscopic illumination using
662 nm laser. Depending on type and localization of a tumor cylindrical or front light illumination
mode was selected with power density of 300 mW/cny, and corresponding energy density of 150
300 Jem?. Local anesthesiawas applied. After the procedure patients followed less-light regimen dur-
ing two days.

Follow-up period varied from 2 to 26 months. Endoscopy examination was used for monitoring of
PDT resultsin survived patients once in 2 months. The results were evaluated using following criteria:
endoscopic data, mortality, complications, patient treatment satisfaction, symptom relief and survival.

Two patients with advanced gastric cancer died, survival period after PDT was 13 and 21 months.
One patient with localized gastric carcinoma died because of advanced tumor of other localization
(lung cancer). Six patients with localized gastric carcinoma remain alive with good quality of life
(QOL) and without signs of progression, with follow up period varying from 5 to 26 months.

In group with esophageal cancer (follow up period from 2 to 12 months): 4 patients are alive with
good quality of life and without signs of progression, 5 patients died (1 patient with localized form
died of advanced laryngeal carcinoma, 4 patients with advanced form had survival periods 2, 5, 8 and
12 months after PDT with satisfactory QOL).

In lung cancer group: 3 patients died in 4, 5 and 6 months after PDT, 3 patients are alive with good
quality of life and without signs of progression for up to 18 months.

The period of observation in laryngeal cancer patients ranged from 8 to 24 months, both patients
aredive.

No mortality or complications associated with PDT were registered. All patients expressed satisfac-
tion with treatment. All survived patients (15 patients in total) did not reveal functional disorders. In
radical treatment there are no signs of stenosis, in cases of palliative treatment (tumor recanalization)
quality of life became significantly better compared to that before PDT.

The first results of endoscopic application of PDT demonstrated good tolerance of this technique,
absence of complications and side effects. None of patients with localized cancer has died because of
primary tumor progression during the period from 5 to 26 month. In cases of advanced cancer the
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quality of life was improved and lifetime was increased after PDT comparing to average survival pe-
riod [5]. Endoscopic PDT requires further investigation and optimization. More accurate assessment of
tumor invasion is desirable to improve PDT outcomes. Technological approaches we are working to
solve concern increasing the accuracy of dosimetry and devel opment of real time monitoring.

Acknowledgements

The authors thank the Russian Basic Research Foundation (14-02-00753) and the Ministry of Edu-
cation and Science of Russian Federation (project RFMEFI160414X0027, contract Ne 14.B25.31.0015)
for the financial support of this work. The authors are also grateful to the staff and management of the
Nizhny Novgorod Regiona Oncological Hospital for the possibility to conduct this study.

References

1. http://www.cancer.org/research/cancerfactsstati stics/cancerfactsfigures 2014.

2. T. Yano, K. Hatogai, H. Morimoto, Y. Yoda, and K. Kaneko, "Photodynamic therapy for esophageal
cancer", Ann Transl Med., 2014, 2(3), 29.

3. C.B. Simone and K.A. Cengel, "Photodynamic therapy for lung cancer and malignant pleural mesotheli-
oma’', SeminOncol., 2014, 41(6), 820-30.

4, T. Nakamura, H. Fukui, M. Fujita, T. Fujimori, and Y. Ishii, "Photodynamic therapy (PDT) combined
with tumor reduction for advanced gastric cancer", Gastrointestinal Endoscopy, 2000, 51(4), Part 2,
AB258.

5. M.J. Aarts, B.E. van den Borne, B Biesma, J.S. Kloover, J.G. Aerts, and V.E. Lemmens, "Improvement

in population-based survival of stage |V NSCLC due to increased use of chemotherapy”, Int
J Cancer, 2015, 136(5), E387-95.

247


http://www.ncbi.nlm.nih.gov/pubmed/?term=Yano%20T%5BAuthor%5D&cauthor=true&cauthor_uid=25333005�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Hatogai%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25333005�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Morimoto%20H%5BAuthor%5D&cauthor=true&cauthor_uid=25333005�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Yoda%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=25333005�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kaneko%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25333005�
http://www.ncbi.nlm.nih.gov/pubmed/25333005�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Simone%20CB%202nd%5BAuthor%5D&cauthor=true&cauthor_uid=25499640�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Cengel%20KA%5BAuthor%5D&cauthor=true&cauthor_uid=25499640�
http://www.ncbi.nlm.nih.gov/pubmed/25499640�
javascript:void(0);�
javascript:void(0);�
javascript:void(0);�
javascript:void(0);�
javascript:void(0);�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Aarts%20MJ%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20den%20Borne%20BE%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Biesma%20B%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Kloover%20JS%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Aerts%20JG%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/?term=Lemmens%20VE%5BAuthor%5D&cauthor=true&cauthor_uid=25219898�
http://www.ncbi.nlm.nih.gov/pubmed/25219898�
http://www.ncbi.nlm.nih.gov/pubmed/25219898�

THE ROLE OF OPTICAL DIFFUSE SPECTROSCOPY
AND ULTRASONOGRAPHY IN COMPLEX EVALUATION
OF PREOPERATIVE POLYCHEMOTHERAPY EFFICIENCY
IN PATIENTSWITH BREAST CANCER

M.V. Pavlov', M.A. Gorozhantseva?, P.V. Subochev®, G.Y u. Golubyatnikov?,
A.G. Orlovad®, |.S. Shumskaya®, N.M. Shakhova®, and A.V. M asennikova®*

! Regional Oncological Clinic, Nizhny Novgorod, Russia
paviov.med@mail.ru
2 Nizhny Novgorod State Medical Academy, Nizhny Novgorod, Russia
%Institute of Applied Physics RAS, Nizhny Novgorod, Russia
“N.|.Lobachevsky State University, Nizhny Novgorod, Russia
>Medical center “Pryoksky”, Nizhny Novgorod, Russia

Abstract. Modern standards of breast cancer (BC) treatment suggest extensive use of preoperative hormone
therapy and chemotherapy; however, techniques for prediction of individual tumor response to treatment are not
currently available. The aim of the study was to analyze the response to treatment in patients with breast cancer
at stage I1-1V, who received neoadjuvant chemotherapy (NACT). Another aim was to propose approach to the
early assessment of NACT efficiency. One hundred seven patients were enrolled; tumor response to chemothe-
rapy was assessed in respect to age, stage, tumor immunophenotype and chemotherapy protocols. To develop a
technique for predicting tumor response to preoperative treatment, a combined use of optical diffusion spectros-
copy (ODS) and ultrasonography was proposed. ODS technique allowed to determine the dynamics of tumor
oxygenation in course of NAPCT, while ultrasound examination was used to assess the dynamics of blood flow
in neoplasms.

Breast cancer is a polymorphic disease from the point of view of morphology and pathogenetics,
characterized by a spectrum of different biological features. Due to the extensive use of preoperative
chemotherapy, it is important to find criteria to predict the sensitivity of breast cancer to drug expo-
sure. The main criteria, which reflect changes in the neoplasms metabolism, are its oxygenation level
and vascular channel features [1, 2]. The aim of the study was the analysis of tumor response in pa-
tients treated with NACT, and the study of potential of complementary application of optical diffuse
spectroscopy and ultrasonography for monitoring of preoperative chemotherapy in patients with breast
cancer.

The first part of the study included analysis of 107 clinical cases of patients with breast cancer at
stage 11-1V who received NACT. Tumor response was evaluated in respect to age, stage of disease,
immunohistochemical characteristics and NACT protocol by means of dtatistical processing engine
SPSS with Spearman rank correlation. The second part of the study included a pilot clinical study of
the response of breast cancer tumors to preoperative chemotherapy basing on data oxygenation level
changes. Experiments were performed on the experimental setup with paralel plane geometry and
single source and detector pair created at the Institute of Applied Physics RAS (Nizhny Novgorod,
Russia). Three laser fibers coupled in a single bundle illuminate the studied volume at 684 nm,
794 nm, and 850 nm. The images were acquired by simultaneous scanning of source and detector fac-
ing each other. During DOS imaging, subjects were placed in a prone position on a padded examina-
tion platform with the breast to be imaged pendant between to plates; this setup is similar to the imag-
ing geometry used in prone breast biopsy. The plates were moved into contact with the breast and
breast was compressed lightly to maintain a homogeneous imaging volume during each imaging ses-
sion. Obtained images were processed with MathCad, and concentrations of main indicators, influen-
cing tissue oxygenation (oxygemoglobin, deoxygemoglobin, total hemoglobin and oxygen saturation)
were reconstructed. The region of interest (tumor zone) was countered manually with ImageJ program
according to previous mammograms.

Blood flow dynamics in course of NACT was studied by ultrasonography. Scanning was per-
formed employing "Medison Accuvix-V20" setup (Samsung, Korea) using multifrequency linear sen-
sor with range of 5.0-13.0 MHz in power Doppler mode.

The retrospective study did not reveal close correlation between tumor response to treatment and
age (r = 0.010; p = 0.000), tumor stage (r = 0.064; p = 0.006), NACT protocol (r = 0.116; p = 0.016)
and tumor immunophenotype (r = 0.172; p = 0.003). (Fig. 1).
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Fig. 1. Tumor response to treatment depending on tumor immunophenotype:
no correlation (a), Tumor response to treatment depending on tumor stage: weak correlation (b)

In the ODS study of the oxygenation level dynamics were identified (8 clinical cases were included in the
analysis). Dynamics of tumor oxygen state (comparison between an oxygenation trend and pathomor-
phologic response) was evaluated. The main predictive criterion allowing evaluating chemotherapy
effectiveness appeared to be a trend of tumor oxygenation changes. Complete response (necrosis, the
absence of viable cells) correlated with an increase of tumor oxygenation comparing with its initia
level after the first cycle of chemotherapy. Incomplete response correlated with a decreased or stable
tumor oxygenation.

Original protocol of ultrasound inspections was developed to determine the blood flow dynamicsin
tumor in course of NAPCT. Scanning of the tumor and peripheral zone was performed with transver-
sal step of 50 mm in mutually perpendicular planes. The obtained images were processed in the Mat-
lab environment, which allowed calculating the ratio of the number of colored pixels to the total num-
ber of pixels in the selected volume. This allowed to correctly comparing data on tumor blood supply
before treatment and in course of NAPCT (Figure 2).

b

Vessel percent = 1.2772%

Fig. 2. Tumor in B-mode (a), Tumor in power Doppler mode (b),
Numerical processing in Matlab environment (c)

Our studies show that such parameters as patient age, tumor stage and immunophenotype cannot be
used as predictors of tumor response. Tumor response to chemotherapy is correlated with the dynam-
ics of tumor oxygenation in course of treatment which can be employed to predict the effects of thera-
peutic procedures. Evaluation of the potentia of ultrasonography for predicting the NAPCT efficiency
basing on the dynamics of tumor blood supply and blood flow requires further studies.
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Abstract. Spectral monitoring of inter-fiber signals during iPDT reveals a variety of behaviors of transmit-
ted excitation light, autofluorescence and PPIX fluorescence. The time and distance dependence of these signals
were investigated.

Objective

The success of fluorescence guided resection (FGR) for the treatment of malignant glioma [1-4]
has also stimulated research efforts to utilize the underlying biophysical effects therapeutically by
means of intergtitial photodynamic therapy (iPDT) [5—7]. Being able to identify potential responders
of such kind of treatment in advance would be highly desirable [8-10].

Materialsand M ethods

During iPDT treatment of glioblastoma based on 5-aminolevulinic acid (5-ALA) induced proto-
porphyrin IX (PplX), light applicators are stereotactically placed into the tumor region after careful
dosimetry planning [5—7]. The applicators can be used for light delivery to the tumor, but also for light
collection and detection [11]. The light propagating from each applicator to each other applicator can
thus be recorded before and after the PDT treatment for monitoring purposes. Using a spectrometer for
detection allowed to separately analyze a) the excitation light of 633 nm wavelength which is simply
transmitted between two applicators and b) the PplX fluorescence light of ~704 nm wavelength which
predominantly arises from the vital tumor regions illuminated in each case. In order to identify rele-
vant information with regard to treatment response [8-10], the obtained spectral data were processed
and analyzed in different ways.

Results

In all cases the PplX fluorescence was bleached completely after the PDT treatment. The transmis-
sion of the treatment light usually decayed to some extent during PDT. The transmission of the treat-
ment light and the fluorescence intensity measured between each applicator pair did not show a mono-
tonous decay with increasing applicator distance (Fig. 1). The comparison of the data with model cal-
culations points to local inhomogeneities of the optical properties within the treated tissue region.
Based on simplifying assumptions, the mean value of the effective attenuation coefficient Py within
the tissue as well as local deviations of the absorption coefficient p, from the corresponding mean val-
ue could be derived.

EDiffusion approximation fit, sorted by minimal applicator distance, Transmission, Pre
10

® Measured data
# Diffusion approximation fit

105_ L . _
«*
.

S .
= .
210t L T .
@
[ ot
£ . o
- [ * .

10°L L AN i

10

Minimum applicator distance (mm)

Fig. 1 Transmitted excitation light intensity measured between applicator pairs,
plotted as afunction of the minimum distance between the two applicatorsin each case
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Conclusion

The obtained spectral data provides novel additional information which might be suitable to de-
scribe individual treatment conditions. Further analysis of the distance dependence of such data might
allow to characterize the distribution of the treatment light within an inhomogeneous tissue volume in
advance. This information could eventually be used to optimize the treatment planning for the benefit
of the treatment outcome on an individual basis.
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Abstract. Laser surgery is a method of choice for treatment of several ENT pathologies. In this paper we
overview our 30 years of experience in laser surgery in ENT. Total of 850 clinical cases were analyzed. The fol-
lowing devices were employed for laser surgery: CO, laser “Romashka 2", YAG:Nd laser at 1.06 um and
1.32/1.44 um, diode laser at 1.56 um, Alta®-ST at 0.98 um. Continuous wave mode with variable power up to
10 W was applied. Results of study show that Proper selection of regimes and techniques for laser scalpel appli-
cations depending on morphologic and functional object features are the key to agood clinical outcomes.

In recent decades employment of laser radiation as a factor of physical action in otorhinolaryngolo-
gy became a perspective direction. Laser surgery is a method of choice for treatment of severa pa-
thologies, in particular, early forms of malignant tumors. This choice is governed by the following
features of laser application: minimizing intraoperative blood loss, prevention of secondary infection
and adherence to the basic principle of oncology — ablastics [1]. The proper choice of laser radiation
parameters is the key for optimal clinical outcome. Morphological and functional features of ENT de-
termine the possibility of complicationsin case of improper choice of laser surgery mode [2].

In Russia laser technologies are employed in ENT practice since 1970s for treatment of a wide
range of pathological states: hypertrophic rhinitis, recurrent epistaxis, hypertrophic pharyngitis, chron-
ic sub- and decompensated tonsillitis, scar deformation of the trachea and larynx, disorders of larynx
innervation, benign and malignant tumors [3]. In this paper we overview our 30 years of experience in
laser surgery in ENT [4].

The study is performed at the ENT Department of Regional Clinic and Medical Academy. Analysis
of laser surgery experience since 1982 is conducted .The following devices were employed for laser
surgery: CO, laser “Romashka 2", YAG:Nd laser at 1.06 um and 1.32/1.44 um (IAP RAS, Russia),
diode laser at 1.56 um (IRE-Polus, Russia), Alta®-ST at 0.98 um (Dental Photonics, Inc) in conti-
nuous wave mode with variable power up to 10 W applied.

Total of 850 clinical cases were analyzed within the frames of the study including following pa-
thologies: otitis media with effusion, chronic sub- and decompensated tonsillitis, hypertrophic pharyn-
gitis, hypertrophic rhinitis, laryngeal and tracheal stenosis, disorders of larynx innervation, benign tu-
mors of the nasal cavity, pharynx and larynx, laryngeal carcinoma.

CO; laser “Romashka 2" was employed in our clinic since the beginning of 1980s for optimization
of larynx carcinoma surgery in frames of complex approach in combination with cryosurgery.

The laser scalpel was employed for surgical access in course of laryngectomy to minimize blood
loss and for laser vaporization of the tumor in case of unilateral lesion of the larynx (35 cases). This
alowed to optimize the immediate (two-fold reduction in the number of postoperative complications)
and long-term (two to five fold reduction in the number of recurrences depending on the stage) results
of larynx cancer treatment. Complications of laser surgery (mainly, the destruction of cartilage) were
registered at advanced cancer stages and amounted to no more than 10%. The disadvantage of the CO,
scalpel "Romashka 2" was the impossibility to useit in endoscopic procedures.

The appearance of YAG: Nd laser at 1.06 um in the clinic in the early 1990s allowed to expand the
indications for laser surgery due to the possibility of fiber delivery of laser radiation to the sites with
difficult accessibility. Since that time the development of such surgical procedures as the removal of
benign and malignant tumors of the nasal cavity and pharynx, lacunotomy in case of chronic tonsillitis
has been started. Introduction of fiber delivery of laser radiation at a wavelength of 1.06 um also pro-
vided a minimally invasive access for surgery of the larynx for removal of benign and malignant tu-
mors.

However, weak absorption at the wavelength of 1.06 um resulted in development of such compli-
cations as perforation of the nasal septum, expressed collateral inflammatory reaction, laringeal steno-
sis. The total number of complications of laser surgery during 2 years of using YAG: Nd laser at
1.06 um reached 14%, including 10% which required surgical correction (tracheostomy, reconstruc-
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tion of defects of the nasal septum, surgical hemostasis, excision of the scar deformations), in 4% the-
rapeutic correction (anti-inflammatory treatment) was effective.

The advanced setup modality employing variable wavelength of 1.32 um /1.44 um provided more
efficient laser cut which allowed not only to reduce the incidence of complications associated with
cartilage damage, but aso apply laser surgery to correct these complications. However, weak absorp-
tion of this radiation in blood required additional hemostasis. Complications of this period (6.5%)
were mainly related to the intra-operative bleeding which required ligation of the large vesselsin three
cases (1.5%). Another drawback of the YAG: Nd system was its ergonomic characteristics. dimen-
sions and requirement for water cooling.

The experience gained allowed for more frequent use of laser surgery in routine clinical practice
for a wide range of pathologies. A portable and user-friendly diode laser with the wavelength of
1.56 um was introduced into practice. During this period laser tympanotomy for treatment of exuda-
tive otitis media was learnt. Immediate and long-term results of using this setup are comparable with
the use of the setup at 1.32 um /1.44 um.

Currently a portative intellectual laser system Alta®-ST at 0.98 um with functional properties op-
timized due to computer-controlled tip initiation is employed in the clinic. Due to relatively small
amount of clinical results only preliminary conclusions concerning its safety, efficiency and usability
can be made. Conducted experiments with biotissues (both ex vivo and in vivo) demonstrate efficient
laser cut with minimal zone of collateral tissues damage (up to 350 um). Results of chronic experi-
ment indicate optimization of healing processes.

Development and improvement of laser systems and techniques for radiation delivery allows to de-
sign new laser based medical technologies. In recent decades, photodynamic therapy was introduced
into ENT, which may substitute laser surgery, for example, in such cases as laryngeal papillomatosis,
as PDT is able to significantly reduce the number or even eradicate specific microbia pathogens[5].

However, it is worth mentioning that laser surgery remains the method of choice in wide range of
ENT pathologies. Proper selection of regimes and techniques for laser scalpel applications depending
on morphologic and functional object features are the key to good laser surgery outcomes.
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Abstract. Clinical laser light application in bulky tissue is often related to interstitial techniques which re-
quire specific characterization of the light emitting system. In case of receiving light information from inside of
bulky tissue knowledge about light detection characteristics is recommended. Three approaches are presented
related to specific questions. First the emission and detection characteristic of cylindrical diffusers are investi-
gated with the aim to use inter-diffusor signals for light dosimetry during interstitial PDT. Second the potential
of interstitial measurement using side-detecting fibers to derive optical properties of tissue are investigated. Fi-
nally investigations on fluorescence guidance during interstitial biopsy extraction are presented.

I ntroduction

Interstitial Photodynamic Therapy (iPDT) using cylindrical diffusors, as shown in figure 1, looks
promising for trestment of this disease. In order to make this kind of trestment as safe, accurate and
reliable as possible a couple of precondition should be taken into consideration prior to, during and
after treatment and should be included in confident treatment concept. With regard to this question
about the safety of atrgjectory a cylindrical diffusor is positioned or biopsy should be taken may arise.
In addition to thisit should be confirmed that the tumor accumul ated the photosensitizer. For treatment
planning the emission characteristics of diffusors should be taken into account to perform an ideal dis-
tribution of severa fibers for adequate and uniform illumination. During iPDT information from sig-
nals of inter-fiber crosstalk may give hints about bleeding and bleaching effects, which in addition
needs information about the optical properties of the tissue in between [1, 2]. This presentation
showed efforts and approaches to receive such signal to potentially improve this kind of treatment.

I nvestigations

Emission characteristics of commercia available cylindrical diffusors were measured and simu-
lated to derive the optical properties of the specific diffusor. In fig. 1 (left) a summary of such an in-
vestigation is shown. It can be derived that measured and simulated emission characteristic are nearly
identical, showing also light at unintended positions, e.g. nearby the tip of the fiber. Based upon these
information in the following step the detection characteristic are measured and simulated which is a
prerequisite to start with inter-diffusor crosstalk investigation, as shown infig. 1 (right).
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Fig. 1. Left: Measured and simulated emission characteristic of acommercial available cylindrical diffusor.
Right: Sketch of inter-diffusor cross-talk [2]

Minimally invasive investigation of tissue optical properties within the tissue can be performed by
turning a side-detecting fiber placed interstitially while light is emitted from an interstitia light source
[3]. In afirst approach this technique was tested in liquid phantoms (Fig. 2 |eft) and optical parameters
were derived using theory proposed in the literature (Fig. 2 right) and compared to known values [4].
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Fig. 2. Left: Experimental set-up to investigate optical properties by use of a side-detecting fiber. Right: Sinu-
soidal signal detection as function of the turning angle from which the optical parameter can be derived

A fiber-based mechano-optical device for stereotactic biopsies is developed (Fig. 3) [4, 5]. Two
different fluorophores are employed to improve its safety and reliability. The fluorescence of intrave-
nously applied indocyanine green (ICG) facilitates the recognition of blood vessels and thus helps mi-
nimize the risk of cerebral hemorrhages. 5-aminolevulinic-acid-induced protoporphyrin IX (PplX)
fluorescence is used to localize vital tumor tissue. ICG fluorescence detection using a 2-fiber probe
turned out to be an applicable method to recognize blood vessels about 1.5 mm ahead of the fiber tip
during a brain tumor biopsy. Moreover, the suitability of two different PplX excitation wavelengths
regarding practical aspects was investigated: While PplX excitation in the violet region (at 405 nm)
allows for higher sensitivity, red excitation (at 633 nm) is noticeably superior with regard to blood
layers obscuring the fluorescence signal.

spectrum DC fiber

i longpass filter 1 . : . . —_—
i H‘ : L ACfiber |
: 08k - ‘s‘ . ®DC fiber
dichroic mirror :: k - “ . g SRR SEPR SUU S
spectrum C fiber E,Oé ; !
[ longpass filter 3 ! ! ‘
| a i
ﬂ 50-4 :
collection fiber (C) delivery and collection fiber (DC) 0.2 ook
liquid phantom T 1 ¥ T 1 T F 1 i
o . "Gemgeese o o o ®
blood vessel dummy 1 2 3 4 5

Distance fiber-capillary [mm]

Fig. 3. Left: Principle of 2-fiber-probe device for interstitial fluorescence detection.
Right: Detected signals of C and DC fiber as function of the distance of fluorescence occurrence
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Abstract. In this paper we perform comparative analysis of infection risk in course of lithotripsy of concre-
ments. The in vitro analysis includes mechanical fragmentation in a liquid, laser fragmentation in a liquid, and
laser fragmentation in the air. We show that laser lithotripsy fight again infection much more efficiently com-
paring to mechanical fragmentation. We also show that in laser lithotripsy covering the distal end of the fiber
with strongly absorbing layer will allow to employ different laser systems without custom selection of the wave-
length, which can make the procedure of laser lithotripsy more cost-effective.

Percutaneous nephrolithotripsy (PCNL) with the high-power lasers is an effective and safe treat-
ment for patients with large renal stones. It is demonstrated to be more efficient for large size of the
stones in the upper urinary tract compared to shockwave lithotripsy (SWL) [1, 2]. Nevertheless, post-
operative complications are probable; one of the serious complications is life-threatening infection,
which can be triggered by dissemination of microorganisms due to fragmentation [3-5]. The essentia
mechanism determining the efficiency of the procedure is the photothermal mechanism leading to
chemical decomposition of urinary calculi [6], which in its turn depends of proper laser choice for par-
ticular calculi chemical composition. The most common modality is holmium:yttrium-al uminium-
garnet (Ho: YAG) lithotripsy. The erbium:yttrium-aluminium-garnet laser is suspected to be more ef-
ficient, however there is a problem with the fibers for delivery of radiation with corresponding wave-
length [5]. Thus, the study of the potential of various laser devices for increase of lithotripsy efficacy,
decrease of complications rate and optimization of equipment costs is of importance. The aim of this
work is the search for laser lithotripsy technique alowing for effective fragmentation of rena calculi
in combination with aminimal microbial dissemination.

The study was performed at the Urology Clinic of Nizhny Novgorod State Medical Academy in
collaboration with Institute of Applied Physics RAS. Ex vivo lithotripsy of the stones obtained by
nephro-litho-extraction was performed. A total of 22 procedures were performed with stones of differ-
ent chemical composition with a density up to 1200 H by Hounsfield scale and up to 2 cm in size. In
10 cases (45%) the objects before fragmentation were infected: in 6 cases by E.cali, in 2 cases by En-
terococcus faecalis, and in 2 cases by Ps.aeruginosa. Three regimes of action were employed: mechan-
ical fragmentation in aliquid, laser fragmentationin aliquid, and laser fragmentation in the air.

Mechanical fragmentation was performed using a lithotriptor. Laser fragmentation was performed
using the iAlta®-ST device (980 + 10 nm, output power up to 25 W) with a computer-controlled tip
initiation. Lithotripsy was performed in a Petri dish in the presence of a sterile liquid (saline solution),
thereby reproducing the model of fragmentation in the natural liquid medium (urine). In case of laser
fragmentation in air the fragments were placed in a saline solution after crushing. For comparative
evaluation of microbia dissemination due to fragmentation bacteriological examination of the liquids
containing the fragments after lithotripsy was conducted. A total of 22 bacteriological examinations
were conducted (10 after mechanical fragmentation, 7 after laser fragmentation in a liquid medium,
and 5 after laser fragmentation in the air).

Efficient fragmentation of concrements with formation of a large number of small fragments was
achieved both under mechanical and laser action. In course of laser lithotripsy the concrements frag-
ments were smaller (1-2 mm) and more uniform in size compared to mechanica lithotripsy, while
laser fragmentation in the air was accompanied by melting effect.

Bacteriological examinations reveaed that "urine infection” occurred in al 10 cases after mechani-
cal fragmentation: in a liquid a pronounced growth of the microorganism, by which the concrement
was infected before fragmentation, was observed, microbia titer ranged from 10° to 10° colony-
forming units (CFU / ml). After laser fragmentation in a liquid dissemination of microorganisms oc-
curred, however, in 5 out of the 7 cases the degree of microbia contamination is lower than that in the
case of mechanical fragmentation of the same concrements, the titer ranged from 10" to 10* CFU / ml.
In case of laser fragmentation in the air the melting effect was probably accompanied by initial micro-
organism inactivation; bacterial growth was not detected in any of the considered cases.
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The experiment showed that the effective fragmentation can be achieved by employing lasers with
the wavelength different from common systems (Ho: YAG) due to initiation of the distal end of the
fiber with strongly absorbing chemical. This leads to heating of the fiber end, and destruction occurs
due to thermal energy. Concomitant physical and chemical processes may contribute to inactivation of
microorganisms through several mechanisms. direct exposure to high temperatures, generation of
high-frequency ultrasound in a place of fiber-concrement interaction, formation of hydrogen peroxide
as aresult of dissociation of 0.01% of the water molecules to hydrogen and hydroxyl radicals during
heating within the bubbles formed [ 7]. However, this aspect requires further studies.

Our results alow making preliminary conclusions. The technology of covering the distal end of the
fiber with strongly absorbing layer will alow to employ different laser systems for lithotripsy without
custom selection of the wavelength, which can make the procedure of laser lithotripsy more cost-
effective. The potentia of the proposed technique with respect to the prevention of microorganism
dissemination and inflammatory complications requires further study.
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Abstract. In this paper we report on employment of optical diagnostic techniques for monitoring
the outcome of vesico-vaginal fistulatreatment. Cross-polarization optical coherence tomography (CP
OCT) and laser Doppler flowmetry (LDF) were employed for monitoring of surrounding tissues al-
lowing to monitor inflammatory processes and evolution of blood microcirculation. The combination
of CP OCT and LDF demonstrated high potential to become the aims for complementary assessment
of the readiness of bladder tissues for surgery, which will personalize and objectify prediction of the
results of surgical treatment and to optimize the timing of the surgical correction of vesico-vagina
fistula

Vesico-vaginal fistulais a severe complication of pelvic cellulitis, radiation therapy, or gyne-
cologic surgery [1]. In patients with recurrent fistulas plastics of fistula is performed not earlier
than 6-8 months after the formation of a fistula, which significantly worsens the patient’s life
quality. Cystoscopic visual evaluation of tissues around the fistula fails to adequately assess their
condition, justify the need for therapeutic preparation and optimal timing of surgical treatment. In
this respect, the development of additional diagnostic techniques for this pathology is required
[2, 3]. The aim of present study is to develop approaches to non-invasive diagnostics of tissues of
vesico-vaginal fistulain order to define criteriafor readiness for surgical treatment.

In Urology Department of Regional Hospital 26 surgical treatment procedures on vesico-
vaginal fistula were performed in the last 7 years. Recurrences of fistulain the early postoperative
period were observed in 15.4% of cases (4 out of 26). In order to reduce the recurrence rate the
diagnostics of tissues surrounding the fistula using a combination of cross-polarization optical
coherence tomography (CP OCT) and laser Doppler flowmetry (LDF) technigues was proposed.

Totally 6 patients were enrolled in the study employing combination of techniques and 10 pa-
tients were enrolled in LDF study. For OCT inspection the “OCT 1300 U” system (IAP RAS,
Nizhny Novgorod, Russia) was used with following parameters: probing central wavelength of
1300 nm, image acquisition time of 2 sec, spatial resolution of 20-25 um, and imaging depth up
to 2 mm. In the course of endoscopic manipulations the flexible probe (outer diameter of 2.7 mm)
was inserted into the instrumental channel 8Ch of a cystoscope and pressed under visual control to
the bladder area of interest.

Inspection of microcirculation around the fistula was performed employing laser analyzer of
capillary blood flow "LAKK-02" (SPE "LAZMA", Russia) at the wavelength of 0.63 um with ex-
position time of 2 minutes. LDF provides data averaged over alarge number of erythrocytes, ana-
lyze hemodynamics in real time, and to evaluate the contribution of active and passive mechan-
isms of microcirculation. Blood flow was analyzed near the edges of the defect from the bladder
side and in 1.5-2 cm away from the fistula, as well as in unaltered bladder wall. The following
parameters of microcirculation were evaluated: modulation of blood flow in the microvasculature,
standard deviation (o) and variation coefficient characterizing the ratio of the tissue perfusion to
its variability (K,) and calculated by the formula

K=o /IIM x 100%

A total of 24 CP OCT images were obtained, followed analysis revealed zones of local inflammato-
ry process in all studied patients. Typical changes in the CP OCT images indicated the presence of
exudative and proliferative cystitis, and atrophy of the epithelia layer at the border of fistula. Analysis
of microcirculation showed that the most pronounced changes were revealed at the edge of the fistula
Recovery of the microcirculation to the level of the intact areas was observed in 2 cm from the edge.
Along with the study of the level of tissue blood perfusion the oxygen saturation level in tissue was
recorded. Following disorders of microcirculation were revealed in fistulas and surrounding tissues:
reduction of PM and o at the background of Kv exceeding that of unaltered tissues, indicating the in-
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creased neurogenic tonus of arterioles and arterioles-venular anastomoses, and, hence, deep metabolic
disorders.

The revealed alterations became the reason for anti-inflammatory therapy. After finishing the
treatment noninvasive monitoring of tissue condition was performed by CP OCT and LDF techniques.
Upon registering appropriate characteristics of the tissues around the fistula the surgical treatment was
carried on. In case when the noninvasive techniques indicated preserving of alterations the pre-
operative treatment continued. In the presence of persistent inflammatory changes revealed by the CP
OCT and/ or LDF the possible recurrence was predicted.

Thus, the CP OCT technique allowed for noninvasive real-time visualization of structural disorders
of the bladder and the vagina tissues, to differentiate local inflammatory alterations, and monitor con-
servative preparation and readiness of tissues for surgical intervention. The LDF technique allowed for
real-time assessment of microcirculation, which is also a criterion of readiness for surgical correction
of avesico-vaginal fistula.

Currently, a number of factors, including the size of the fistula, are treated as predictors of the sur-
gical correction efficiency [4]. However, this parameter does not allow to optimize the timing of sur-
gical treatment. The combination of CP OCT and LDF demonstrated high potential to become the
aims for complementary assessment of the readiness of bladder tissues for surgery, which will perso-
nalize and objectify prediction of the results of surgical treatment and to optimize the timing of the
surgical correction of vesico-vaginal fistula.
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Abstract

Facial region represents highly integrated and still enigmatic compartment that demonstrates high
degree of coordination between different cellular sources and differentiating structures during em-
bryonic development. Building up the skeletal elements, especially in the head, has been extensively
studied in the past. However, no consensus exists today about how embryos control precise and com-
plex geometries of their cartilages, bones and joints. Our hypothesisimplies that controlled allocations
of the organized polarized cellular micro-domains provide precise sculpting and scaling up various
cartilaginous structures in the body. We clearly see similar logic in activity of dental mesenchymal
stem cells and cell fate choice in populations of pulp cells and odontoblast during teeth devel opment
and continuous growth. Relatively small geometrically simple or complex clonal envelopes serve as
tissue units that can be increased in numbers or in size to scale up the structure without shape loss or
drastic distortion. At the moment we succeeded with mathematical model simulating shape-related
aspects of morphogenesis in 3D. In this model we can place progenitor cells anywhere in the virtual
tissue, we can introduce migration, change cell division speed and alocation of daughter cells, use
gradients of attractants and orienteers etc. The best feature of the model includes clona analysis in
3D+ time with mathematical assessment of order and geometry in the whole resulting tissue that is
comparable to the experimental natural tissue dynamics. Understanding tissue dynamics during devel -
opment and regeneration is a key for much future advancement. For example, hundreds of human mu-
tations leading to congenital abnormalities have been identified. However, in most cases we are miss-
ing the understanding of what is happening between the gene and the phenotype, i.e. how the collec-
tive cdlular behavior is trandated into morphofunctional outcome. We are filling fill this conceptual
niche through understanding cellular behavior and mechanisms in shape-making. In general, we utilize
multiple transgenic animals allowing us to dissect the role of different signaling pathways in shape-
making of skeletal elements. To experimentally address our hypothesis we also use advanced genetics
tracing with multicolor reporters, single cell transcriptomics, mathematical modelling and 3D-imaging
of the entire developing skeletal structures in the context of the whole body using micro-computed
tomography (CT). At the moment we develop and upgrade techniques for high contrast micro-CT im-
aging that allows us segmenting cartilage and mesenchymal condensations with 50 micrometer resolu-
tion. In a pilot experiment we developed a novel approach of contrasting embryos with salts of
tungsten acid that provides significantly improved contrast. We aso do microsurgery and grafting, live
imaging of zebrafish as well as ex vivo organoid cultures with microfluidics-based artificial gradients
to understand the logic of the fate induction and deposition of cartilaginous elementsin space.
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Abstract. The goal of the study was the investigation of the level of hydrogen peroxide in tumor cellsin vi-
tro after exposing them with cisplatin. Cell line of human cervical carcinoma HeLa Kyoto, expressing the cyto-
solic sensor for hydrogen peroxide HyPer2 was used. Sensor reaction has been estimated using flow cytometry
after 24-hours incubation with drug in different concentrations. In parallel staining of cisplatin-treated cells with
dye on apoptosis and vital dye was performed. Increase of the intracellular hydrogen peroxide amount as well as
percentage of apoptotic cells was detected. We can conclude that H,O, take part in HeLa Kyoto response on cis-
platin exposure. Detected response was not the consequence of cell death.

I ntroduction

Chemotherapy is one of the main methods of treatment of malignant tumors. Some of the methods
are based on the sensitivity of cancer cells to oxidative stress; reactive oxygen species play a crucia
role in the implementation of the cytotoxic action of anticancer drugs. One of the most interesting
forms of ROS is hydrogen peroxide (H.O.), which is a signaling molecule. Cisplatin - a chemothera-
peutic drug used in clinical practice for the treatment of a wide range of tumors. This medicine is not
only causes DNA damage [1], but aso induces the production of reactive oxygen species (ROS) that
can initiate tumor cell death [2, 3]. In our study we checked whether hydrogen peroxide participate in
cell death process under cytotoxic effect of cisplatin.

Materialsand M ethods

Experiments were performed on cell line of human cervical cancer HelL a Kyoto transfected with
cytoplasmic sensor of hydrogen peroxide — HyPer2 (HelL a Kyoto-HyPer2) [4]. Taking into account pH
sensitivity of HyPer2 we made additional experiments with H,O,-insensitive analog of HyPer2 — sen-
sor of pH HyPer2-C199S (Hel a Kyoto-HyPer2-C199S cell line) [5].

In our experiments concentrations of cisplatin causing loss of viability of 50% of cells (IC50) for
both cultures were determined and were statistically indistinguishable. So for baoth cell lines we used
the same concentrations of cisplatin: 1IC50 — 2.5 pg/ml, 4 x IC50 —10.0 pg/ml, 10 x 1C50 — 25 pg/ml.
Incubation time with medicine was 24 hours.

For flow cytometry Phycoerythrin (PE) Annexin V and 7-Amino-actinomycin (7-AAD) were tak-
en. Annexin V conjugated with PE is amarker of apoptosis. 7-AAD isavita dyesthat stain dead cells
only. This combination alows identify viable cells (PE Annexin V negative and 7-AAD negative);
early apoptotic cells (PE Annexin V positive and 7-AAD negative), cells in late apoptosis, necrosis or
dead cells (both PE Annexin V and 7-AAD positive, PE Annexin V positive and 7-AAD negative).
Wavelengths of lasers used for excitation of dyes were 488 and 635 nm. Fluorescence of PE Annexin
V and 7-AAD was measured with a 585/42 nm filter and a 670 LP filter. HyPer2 reaction assessment
was performed using data on changes of fluorescence intensity under excitation at single wavelength —
488 nm [4].

Results

We observed that in both cell lines percentage of early apoptotic cells rise with increase of concen-
tration of cisplatin. The highest nhumber of cells in early apoptosis was detected upon effect of drug
concentration corresponded to 4 x 1C50. After incubation with 10 x 1C50 amost all cells were dead
(fig. 1). Treatment with cisplatin caused two types of HyPer2 reaction: appearance of population of
cells with low HyPer2 fluorescence and increase of HyPer2 emission intensity in cells from initial,
fluorescent population (fig. 2, left histogram). According to PE Annexin V and 7-AAD staining, low-
fluorescent cells belong to dead cells group while fluorescent cells — to group of cells that survived.
Fluorescence of HyPer2 of viable cells increased with increasing concentrations of the drug till the
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Fig. 1. Results of flow cytometry with PE Annexin V and 7-AAD

concentration 4 x 1C50, under that fluorescence of amost all cells was significantly reduced. It isim-
portant to note that fluorescence intensity of H,O, insensitive sensor HyPer2-C199S in population of
survived cells remains unchanged (fig. 2, right histogram), therefore the observed HyPer2 reaction
does not related to pH changes and can be associated with H,O, concentration changes only.
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Mechanistic target of rapamycin complex 1 (MTORCL) is a protein signaling complex at the ful-
crum of anabolic (protein synthesis) and catabolic (macro-autophagy) processes, which acts depending
on wide-ranging environmental cues. The most important activators of mTORCL are amino acids. In
response to amino acids mTORCL1 promotes protein synthesis (via phosphorylation of ribosomal pro-
teins) and simultaneously inhibits autophagy-dependent catabolic activity (via Ulk1/2 kinases). Thus,
MTORCL serves as a intracellular controller of amino acids availability and, in connection to that it
adjusts cellular metabolism toward catabolic or anabolic stage.

It iswidely accepted that mTORCL1 is activated on the surface of lysosomes functional where sens-
ing of amino acids occurs. Furthermore, it is activation by amino acids requires a v-ATPase proton
pump, which is downstream of amino acid signal. The exact interaction between v-ATPase and
mMTORCL1 signaling is not precisely evaluated, but it involves interaction between v-ATPase and Ragu-
lator complex on lysosomal membrane. This interaction is amino acids-dependent, and determines
activity of Ragulator. In presence of amino acids flux v-ATPase binding with Ragulator is weakened,
which alows Ragulator to activated Rag proteins, which in turn acitivate mTORCL1. At the same time
v-ATPase activity is required for mTORC1 activation and blocking of v-ATPase blocks mTORCL.

However, we found that inhibition of lysosomal activity in chondrocytes (by v-ATPase inhibitors
bafilomycin A1 or concanamycin A) potently activated mTORC1 signaling. Activity of mTORC1 was
visualized by phosphorylated forms of S6 and 4E-BP1, two well-known downstream targets of
mTORC1. Maximal S6 phosphorylation was observed at 48 hours treatment and reached as high as a
12-fold increase (p<0.018). Furthermore, in bone organ culture bafilomycin promoted potent stimula-
tion of longitudinal growth associated with the activation of mTORCL1 (p<0.001). Unwanted cellular
materia is delivered to lysosomes via macro-autophagy and bafilomycin blocks autophagic flux. We
found that lysosomal inhibition activated mTORC1 in autophagy-deficient bones (from Atgb knockout
mice), suggesting a macro-autophagy-independent mechanism of mTORCL1 activation. Furthermore,
mTORC1 activation was also insensitive to nutrition levels and occurs even in the absence of serum or
decreased levels of amino acids.

Thus, our data show that interaction of between mTORC1 and v-ATPase is more complex than it
was believed and can involve v-ATPase-dependent inhibition of mTORC1. Furthermore, our data
suggest that regulation of mTORC1 pathway can be achieved in atissue-specific manner.
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Abstract. Immortalized cell culture of hepatocytes, Chang liver, is one of the candidates for the usein “bio-
artificial liver” systems. The aim of the investigation was to evaluate the possibility of using the Chang liver cell
culture as a bioreactor cell kit making a complex study of biochemical parameters of its effect on the blood se-
rum of patients with liver diseases of various etiology. The results of complex assessment can be used to deter-
mine the efficacy of applying various cell cultures as a model system in the development of “bioartificia liver”
systems. Chang liver cell culture, according to the complex assessment results, is most active relative to the
blood sera of the “cirrhosis’ group of patients with impairments of synthetic and detoxifying liver functions.

At present, the most effective method of treating hepatic failure is liver transplantation: either of
the whole organ from the postmortem donor or its fragment from the living relative or postmortem
donor, suggesting its future hypertrophy in the post-operative period. To reduce the mortality rate
among the patients with liver insufficiency, effective extracorporeal systems are being developed to
maintain the liver functions till the time of transplantation, which are capable to perform not only de-
toxifying [1, 2], but metabolic, synthetic and regulatory functions as well [3, 4]. In this connection,
since 80-ies of the last century supporting systems, combining functions of blood/plasma perfusion
and cell technologies, have been worked out.

Liver support systems using live hepatocyte cultures— “artificial liver” bioreactors— have been
developed. Cultures of hepatocyte-like cells in these systems enrich patient’s plasma and blood with
the synthesis products (albumin, bile acids, clotting factors and so on) and are capable of partial detox-
ification. In order to perform effectively bioregulatory and synthetic functions cells must meet several
criteria: to perform the functions of a normal liver hepatocyte (detoxification, synthesis of biologically
active substances), actively proliferate (accumulating minimum 400 g of biomass volume) in the com-
position of bioreactor, function in the continuous contact with the plasma of patients having acute liver
failure[5].

The aim of the investigation was to evaluate the possibility of using Chang liver cell culture as a
cell kit for a bioreactor by a complex study of biochemical parameters of its effect on the blood serum
of patients with hepatic diseases of various etiology.

Chang liver cell line (ATCC®CCL-13™: Scientific Research Institute of Virology of Russian
Academy of Medical Sciences, Russia) was used in the work. The cells were cultured under standard
conditions. Blood sera samples were examined for two groups of patients with hepatic ailments of var-
ious etiology. Samples of blood serum from two groups of patients were investigated: patients with
obstructive jaundice were included in group 1 “jaundice” (n=9), group 2 “cirrhosis’ (n=10) comprised
patients with hepatic cirrhosis and hepatocellular jaundice. To study the effect of the cultured Chang
liver cells on the patients' blood serum, confluent monolayer of the cells was incubated with serum
samples at 37°C in a 5% CO, atmosphere with the ratio of (2.02.1)-10 ° cells per 0.105 ml of serum
during 12 hours. The maximum time of incubation was chosen for the cells not to lose their metabolic
functions[6]. On completion of the process, the values of the main biochemical parameters of synthet-
ic (albumin, urea, transthyretin) and detoxifying (total bilirubin fraction) functions were determined,
as well as markers of cell destruction (hepatic transaminases, lactate dehydrogenases).Viability cell
changes after exposure to the serum were defined by MTT test. The experimental data were statistical-
ly processed using Microsoft Excel and Graf Pad software. The results are presented as M+c (SD).
Statistical significance of the mean differences was determined by Mann-Whitney criterion.

Statistically significant rise of the albumin level was found to occur in three serum samples of the
“cirrhosis’ group, but the normal value of abumin was not reached in any case. Elevation of the urea
level was noted in three samples, and the level of transthyretin was increased in one sample. Notably,
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a positive dynamics of a synthetic function was found in culturing the cells only with the patients' sera
of group “cirrhosis’, while in sera of group “jaundice” only statistically significant reduction of bio-
chemical values of the synthetic function was observed.

In relation to the detoxifying activity of Chang liver culture, statistically significant reduction of the
total bilirubin level was established in four serum samples from group “jaundice”. And in three sam-
ples positive alterations in the percent composition of its fraction were noted: simultaneous increase of
conjugated bilirubin level and reduction of unconjugated one. Similar dynamics of bilirubin fractions
together with the reliable reduction of the total bilirubin level was noted in five samples from “cirrho-
sis’ group. Notably, the decrease of the total bilirubin level in the sera after the cell culture effect does
not depend on the initial value of this parameter — the reduction occurs both in the samples with low
values of the total bilirubin level and with the levels sharply exceeding the norm.

Biochemical components of the sera, in their turn, also influenced hepatocyte vital activity. Sera of
the both groups were found to inhibit the life activity of the cells, and the most prominent negative
effect was made by the sera of the “cirrhosis’ group: the LDG level rose in the samples of all patients,
the AIAT one increased in half the cases. Sera from the group “jaundice” did not affect significantly
and negatively the cdll culture. Besides, the change of vital activity of the cells after their exposure to
the sera samples of both groups was determined by MTT-test. Statistically significant reduction of cell
vital activity was established to occur after incubation with five of the nine samples from the “jaun-
dice” group, and with six of the ten samples from the group “cirrhosis”.

In our work complex evaluation of the biochemical parameters of the synthetic and detoxifying
functions, exhibited by Chang liver culture, was used, being highly informative for the assessment of
the effect of the cells on the blood sera, and determination of viability of the sells themselves. This
model helped investigate the activity of the cell culture rdative to the blood serum samples from the
patients with hepatic failure. Chang liver culture shows synthetic activity in the sera of the patients of
the group “cirrhosis’, while the sera of the group “jaundice” do not stimulate the synthetic function of
the culture célls.

Detoxifying activity of the Chang liver culture, manifesting itself in the decrease of the total biliru-
bin level and positive dynamics of its fractions, is observed in both groups, but is most evident in the
group “cirrhosis’, as it occurs in half the cases. Sera are found to inhibit the viability of the cellsin
50% of casesin each group.

Thus, the obtained data led to the conclusion, that Chang liver cell culture is most active in relation
to the blood sera of the patients from the group “cirrhosis’, where originally significant fall of abumin
level and lower values of bilirubin and its fractions were observed.

The results of complex assessment of the main biochemical blood sera parameters can be used to
determine the efficacy of application of various cell cultures as a model in the development of “bioar-
tificial liver” systems, and for evaluation of the cell condition within a bioreactor. Immortalized Chang
liver cell culture of hepatocytes is one of the candidates for the use in the composition of the artificial
systems such as “bioartificial liver”.
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Abstract. The aim of this work is to develop a new approach to register intracellular pH and hydrogen pe-
roxide level with genetically encoded ratiometric sensors. Cancer cells were investigated in monoculture and co-
cultures with fibroblasts. The data about changes of pH and hydrogen peroxide level under these conditions were
analyzed. pHi mapping of tumorsin vivo was performed.

I ntroduction

It is well known that tumor is a complex tissue consisted of cancer cells, stroma cells, tumor-
infiltrated leucocytes, vessels etc. It is generally accepted that cancer cells and cancer-associated fi-
broblasts (CAF) can change their metabolism to maintain tumor progression and adapt cancer cells to
unfavourable conditions [1]. The role of intracellular pH (pHi) and hydrogen peroxide level in the tu-
mor-normal cell interaction is not well understood because their evaluation is a challenge.

Intra-extracellular pH gradients are different in cancer cells and normal cells. Extracellular pH
(pHe) of normal tissue is dightly more alkaline than pHi and lies in the range 7.3-7.4, while in tumor
tissueit ismore acidic (6.2-6.9). It has been hypothesized that such reversed pH gradient is one of the
reasons of neoplastic growth and cancer progression [2, 3]. Measuring of pHi in cancer cells and tu-
mor microenvironment can be important for monitoring of cancer progression and response to various
treatments [1].

It was shown that hydrogen peroxide works as “fertilizer” to promote tumor growth, progression
and metastasis[4].

The aim of thiswork isto develop a new approach to register intracellular pH and hydrogen perox-
ide level with genetically encoded ratiometric sensors and to analyze the role of these parameters in
cancer-normal cell interactions.

Materialsand methods

In this work new genetically encoded sensors, SypHer2 for pHi and HyPer2 for hydrogen peroxide,
were used. These proteins belong to the GFP family. They were constructed on the base of yellow flu-
orescent protein cpY FP and have two excitation picks at 420 nm and 500 nm and an emission pick at
516 nm [5]. Registration of pHi and H202 with is based on cal culating the ratio of fluorescence inten-
sities 1500/1420.

Hel a Kyoto cells, stably transducted with SypHer2 or HyPer2 genes, and human fibroblasts were
used. Human fibroblasts were obtained from healthy volunteer and kindly provided by Koltzov Insti-
tute of Developmental Biology RAS (Russia). The cells were cultured under standard conditions. The
experiments were performed on monolayer cell cultures, 3D tumor spheroids and tumors xenografts.
To investigate pHi and hydrogen peroxide level under conditions of interaction of cancer cells with
fibroblasts, experiments on co-cultures were performed. The protocol for co-culturing of cancer cells
and fibroblasts was modified from Ref. [7].

Cdlibration of the ratiometric signal for quantitative assay of pHi was made using buffer solutions
(130 mM KGluconate, 2 mM CaCl,, ImM MgCl,, 10 uM nigericin and 30 mM MOPS) [6]. Fluores-
cence microscopy was performed using an inverted Nikon Eclipse TI N-STORM microscope (Nikon,
Japan) or LSM 710 laser scanning confocal microscope (Carl Zeiss, Germany). For in vivo imaging of
tumors 1V IS-Spectrum system (Caliper Life Sciences, USA) was used.

Fluorescence images were processed with ImageJ 1.39p software (NIH, USA). Background signal
taken from an empty region was subtracted from the measurements, and the ratio of emission intensity
resulting from excitation at two wavel engths was cal culated (1500/1420).

Results

Among a variety of methods for investigation of intracellular parameters optical methods that use
genetically encoded sensors have many advantages. These methods are noninvasive, do not require
exogenous introduction of fluorescent probes and allow conducting observation of dynamic processes.
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Dependence of SypHer2 signal on pHi value was studied on monolayer HeL a-SypHer2 cell culture
and calibration curve was constructed. As expected, fluorescence ratio 1500/1420 increased with pH.
Using the calibration curve, the value of pHi in HeLa-SypHer2 cellsin standard cultivation conditions
in vitro was determined to be 7.35+0.11.

The data about pHi and hydrogen peroxide level changes in conditions of co-culture HelLa cells
with fibroblasts were obtained. It was found that under conditions of co-culturing pHi and hydrogen
peroxide level in cancer cells have some modifications in comparison with appropriate mono-cultures.
In particular, we showed that pHi of tumor cells in co-cultures is more acidic than pHi of tumor cells
in monoculture, that can be explained by higher production of lactate in this conditions. At the same
time, hydrogen peroxide level in cancer cells under co-culture conditions was much higher than in
monoculture, and maximum of hydrogen peroxide level was observed on the day 2™. The possible
reason for hydrogen peroxide increase is interaction of cancer cells with fibroblasts for driving the
Warburg effect.

The experiments on Hela-SypHer2 tumor spheroids and tumor xenografts in vivo showed that Sy-
pHer2 ratiometric signal across the tumor nodule is heterogeneous, which indicates the presence of the
zones with different pHi.

Conclusions

New method for analysis of intracellular pH and hydrogen peroxide level with genetically encoded
ratiometric sensors SypHer2 and HyPer2 was developed. Our data indicate that in HeL.a monoculture
pHi is more alkaline, and H,O, level is lower, whereas in co-culture with fibroblasts more acidic pHi
and higher H,O, level was observed in tumor cells. The possibility of pHi mapping in tumor spheroids
and xenografts was demonstrated for the first time.
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Abstract. Embryonic development is a highly sophisticated process whereby different cell types are pro-
duced in the correct spatio-temporal order and then organized into tissues of the growing embryo. As complexity
of the developing embryo increases with time, different mechanisms have evolved at different times of develop-
ment for generating cellular elements and positioning them in the correct spatial and cellular context. Formation
of the vertebrate peripheral nervous system (PNS) is an elegant example of how evolution has solved the logis-
tical problem related to producing and positioning central nervous system (CNS)-derived cells far away from any
CNS structures using nerves as intermediates. Other important roles of the peripheral nerves include producing
and delivering our pigment cells - melanocytes as well as generating a subpopulation of mesenchymal stem cells
in embryonic head.

Peripheral nerve system represents a transporting system where the multipotent cells are hosted and
necessary for development of the visceral organs of the body. These multipotent Schwann cell precur-
sors (SCP) originate from neural crest cells and are recruited to the innervated tissues. As previoudy
shown, SCPs are able to differentiate into melanocytes [1] and mesenchymal stem cells (Kauka et al.,
2014). Unexpectedly, our genetic fate-mapping experiments showed that glial SCP positioned aong
the nerves may differentiate into parasympathetic neurons. These precursorsinitially express transcrip-
tional factors Sox10, Phox2b, and ErbB3. They migrate along the crania nerves and reach the target
tissues, after that they differentiate into both glial cells and parasympathetic neurons. The expression
of neuronal markers such as Phox2b and Mashl correlated with glial markers (Sox10, Erbb3), which
suggested a switch from SCPs to parasympathetic neuron development. ErbB3 and Mashl KO mice
do not possess parasympathetic NS and support SCP-dependent origin of parasympathetic ganglia.
Experiments with Confetti mouse strain allowed for the identification of individual clones originating
from single glial cells. These data confirmed that parasympathetic neurons arise from bi-potent glial
progenitors that generate both glia and neurons. These findings are novel and improve our understand-
ing of parasympathetic nervous system origin and give another unexpected example of the plasticity of
stem-like glial progenitors. Elucidating the molecular mechanisms involved may result in novel strate-
giesfor treatment of pathological conditions.
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Abstract. Multiphoton tomography is a new, non-invasive technique enabling study the skin diseases at a
cellular and subcellular level, which is based on autofluorescence. This innovative technique can be applied to
the study of tumor response to therapy. It was shown that tumor cells without chemotherapy had irregular shape
and dark nuclei. After treatment, necrosis developed in tumor tissue. It appeared as area with lost the fluores-
cence signals. Stromal component was damaged only in necrosis areas. Chemotherapy |leads to decrease of mito-
sisamount in field of view in two times as compared to the control.

Introduction. The Gold Standard for diagnosis and investigation of tumor response is histopathol -
ogy based on resection of tumor so it do not alow to make continuous monitoring. Multiphoton laser
tomography, (MPT) provides real-time imaging of living investing tissue at a cellular and subcellular
level [1]. Autofluorescence of endogenous fluorophores and second harmonic generation (SHG) from
collagen matrix are used for functional and structural imaging by MPT [2].

Therefore, the purpose of the research was to assess the capabilities of MPT for the study of tumor
response to therapy.

Materials and Methods. Mouse colon carcinoma cell line (CT-26) were subcutaneously injected
to auricle of Balb/C mice. Two hundred thousand cellsin 20 ul of phosphate-buffered saline were in-
oculated. Irinotecan was diluted in sterile saline and 20 mg/kg were intraperitoneal administered daily
for 5 days starting on the 10 day of tumor growth. Monitoring of tumor response was carried out by
MPT flex (JenLab, Germany) on days 10, 12, 17, 18. Autofluorescence and SHG was stimulated by
tunable femtosecond Ti:Sapphire laser at 740 nm wavelength. The power was increased up to 40 mwW
to obtain stronger signals from deeper regions. In all the figures, autofluorescence signals were dis-
played in green and SHG signals were displayed in red. In addition, finding results were confirmed by
histopathological analysis. Mice without Irinotecan were kept as a control.

Results. MPT images of different layers of tumor node acquired sequentialy from the dorsal au-
ricle. Control mice had tumor nodes covered by several layers of epidermis (stratum corneum, stratum
granulosum, stratum spinosum). Tumor cell were invaded into epidermis and located at a depth of 40
um. The tumor cells appeared as irregular shape areas with dark oval nuclei and strong autofluores-
cence from cytoplasm. The major portion of field of view represent by tumor cells. Stromal compo-
nent appeared scarce fibers. It should be noted, that histopathological analysis did not reveal areas of
necrosis in tumor tissue without chemotherapy. Moreover, cells with irreversible damage were absent.

Mice from group with Irinotecan had tumor located at 30 um. Area of necrosis with stroma and pa-
renchyma destruction was find at the same depth. In other sites, stromal component was similar to
control and represented by not interlacing scarce fibers. Histopathological analysis confirmed this fact
and revealed one more area of necrosis. Moreover, 10% — 20% cells outside of necrosis area displayed
irreversible damage of nuclei and cytoplasm. Chemotherapy led to decrease of mitosis amount in field
of view in two times as compared to the control. Tumor regression grade was 3-4 (by Mandard).

Conclusions. In conclusion, we have shown that MPT may be used for study of tumor response to
chemotherapy. After treatment, we find necrosis area in tumor tissue. Moreover, autofluorescence sig-
nals alowed to get information about condition of cells (shape, nucleocytoplasmic ratio, necrosis for-
mation, cell density). Stromal component did not change after chemotherapy. Therefore, the next stage
of our research will be focused on identify morphological features of tumor after treatment.
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Abstract. We report on structural modifications of chlorin e6 that make it highly efficient photosensitizer
with extended range of applications. We demonstrate that N-alkylamine derivative of 13-carbamoylchlorin €6
possesses advanced intracellular accumulation in cancer cells and high cytotoxicity upon irradiation with red
light. Methylation of the terminal aminogroup does not impair the photodynamic properties of the compound.
Furthermore, both amino and dimethylamino derivatives have significant photoinduced bactericidal activity
against gram-positive bacteria. Thus, these derivatives can be considered as promising universal agents for anti-
cancer and antimicrobial photodynamic therapy.

Photodynamic therapy (PDT) becomes widely used in oncology and other fields of medicine in-
cluding ophthalmology, dentistry, cosmetology and antimicrobial therapy [1, 2]. The development of
improved photosensitizers remains an important task for PDT.
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Fig. 1. The structure of studied chlorin e6 derivatives

Previoudy, we have found that chlorin 6 conjugated with cobalt bis(dicarbollide) by means of
aminoa kylamide linker (Fig. 1, 1) possessed extremely high intracellular accumulation and photocy-
totoxic effect [3, 4]. We have supposed that such advanced properties of the conjugate 1 arose due to
favorable combination of the structure of chlorin e6 and aminoalkylamide linker. To check this hypo-
thesis we have synthesized aminoalkylamide derivatives of chlorin €6 (Fig. 1, 2 and 3) and studied
their properties. It was found that novel compounds interact with cancer cells very similar to the pre-
viously studied conjugate 1. They accumulate effectively in cytoplasm of rat glioma C6 cells but do
not penetrate into the nucleus (Fig. 2). In cytoplasm 2, 3 have a similar granular-diffuse distribution.
As shown with confocal laser scanning microscopy most of these intracellular granules are lysosomes.

Compounds 2, 3 have high quantum yields of singlet oxygen generation (0,79-0,85), but do not
form hydroxyl radicals. Efficient generation of *O, in combination with high intracellular accumula-
tion result in enhanced photoinduced cytotoxicity of compounds 2, 3. Photoinduced concentration-
dependent killing of cdlsis observed at nanomolar concentrations of 2 and 3 (ICs, = 50 nM). In the
absence of light irradiation, these compounds are non-toxic for cells up to 10 uM.

Furthermore it is found that derivatives 2 and 3 possess photoinduced bactericidal activity against
Gram-positive bacteria Staphylococcus aureus 209P and Bacillus subtilis B-501, but do not affect the
growth of Gram-negative bacteria Pseudomonas aeruginosa PAOL. Using a modified broth dilution
assay combined with light irradiation it was measured that for Gram-positive bacteria the minimal bac-
tericidal concentration of 2 and 3 was the same and equal to 60 nM.
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Fig. 2. Typical distribution of 2 and 3 in rat glioma C6 cells

Comparison of properties of 2 and 3 indicates that modification of the terminal amino group affects
weakly the functiona activities of aminoalkylamide derivatives of chlorin e6.

In conclusion, novel chlorin e; derivatives 2 and 3 are prospective photosensitizers for anticancer
and antimicrobial PDT.
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Abstract

Therole of cardiac function in early embryonic development is poorly understood. In order to suc-
cessfully assess the impact of cardiac function on development, we need to monitor and perturb func-
tion, and quantify resultant effects on morphology. Here, we describe our latest progress in developing
optical pacing to perturb hemodynamics and optical coherence tomography for measuring hemody-
namics and resultant morphology. Our results indicate that abnormal regurgitant flow at the atrioven-
tricular junction during cardiac looping leads to abnormal cardiac cushions (valve precursors) and
valve leaflets. Pacing-induced defects produce similar phenotypes as found in our fetal alcohol syn-
drome and velo-cardio-facial syndrome/Digeorge models.
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Abstract. Monitoring of autofluorescence of reduced nicotinamide adenine dinucleotide (NADH) with fluo-
rescence lifetime imaging microscopy (FLIM) is successfully used to control the balance between oxidative
phosphorylation and glycolysis of living cells and tissues. We present a setup for simultaneous monitoring of
NADH-FLIM and intracellular pO, by using phosphorescence lifetime imaging microscopy (PLIM) and tris-
bipyridine (Ru(bpy)s*") as an oxygen sensor. The setup is based on two-photon microscopy and multi-
dimensional time-correlated single-photon-counting (TCSPC). With the two-channel FLIM/PLIM system we
investigated human oral squamous carcinoma cells (SCC) in the monolayer culture and SCC that were grown on
chick chorio-allantoic membrane (CAM) of fertilized eggs.

Fluorescence lifetime imaging microscopy (FLIM) of living cells and tissues among others is suc-
cessfully used for monitoring autofluorescence of nicotinamide adenine dinucleotide (NADH), the
metabolic coenzyme, controlling the balance between oxidative phosphorylation and glycolysis [1].
Reduced NAD (NADH) possesses emission with maximum around 440 - 470 nm depending on its
state’. Fluorescence lifetime of NADH, which is bound to proteins, typically is reported as 2 - 3 ns,
whereas the free enzyme possesses a remarkabl e shorter fluorescence lifetime [2, 3]. Thus, spectrally
resolved FLIM is successfully used for evaluation of relative intracellular concentrations of free and
protein-bound NADH and consequently for characterizing the metabolic state of cells.

Metabolic reactions are strongly dependent on the intracellular oxygen level. One of the promising
methods for oxygen sensing in biomedical samples is phosphorescence lifetime imaging microscopy
(PLIM). The oxygen-dependent quenching of phosphorescence of some compounds can be used to
measure oxygen partial pressure (pO,) within the physiological range [4]. We present a setup for si-
multaneous monitoring of NADH-FLIM and intracellular pO, by using tris-bipyridine (Ru(bpy)s”") as
an oxygen sensor. The setup is based on two-photon microscopy and multi-dimensional time-
correlated single-photon-counting (TCSPC). With the two-channel FLIM/PLIM system we were able
to show that pO; isinvestigated simultaneously with different metabolic parametersin living cells.
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Fig. 1. System for simultaneous detection of FLIM and PLIM

Human oral sgquamous carcinoma cells (SCC) were metabolically mapped with simulations moni-
toring of the intracellular oxygen level. To evaluate a redox status of the cells SPCimage software
(Becker & Hickl GmbH, Berlin, Germany) was used. The lifetime of NADH fluorescence, which was
measured on the NADH-FLIM channel, was estimated with a two-exponential fitting procedure to
reveal the contributions of the free and the protein-bound enzyme. A mean lifetime was calculated as

Tmean — ((11 7+ GZTZ) / (CU + CIQ) D

276



1, and 7, are lifetimes of the short and long component, respectively, and & and & are their relative
contributions. As the short lifetime is correlated to the free NADH and the longer lifetime to the pro-
tein-bound compound, a ratio a/a, reasonable reveals the balance between glycolysis and oxidative
phosphorylation.
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Fig. 2. (A) Distribution of mean lifetimes of simultaneously measured NADH fluorescence and
Ru(bpy)s~" luminescence for the monolayer SCC culture. (B) The parameters of NADH fluorescence and
Ru(bpy)s>* luminescence for monolayer SCC culture

Both main parameters of NADH autofluorescence — the mean lifetime and the ratio a)/a, — are re-
markable changed in the presence of modulators of cell respiration. For example, respiratory chain
inhibitor antimycin A induces a shift to glycolysis, and this effect strongly depends on previous status
of the cells at normal conditions. Investigations of monolayer cell culture were compared with results
for SCC that were grown on chick chorio-allantoic membrane (CAM) of fertilized eggs. CAM-model
realizes amore redistic in vivo situation allowing to investigate the cellsin the tissue.

A two-photon excitation at 780 nm was used to induce fluorescence of intracellular NADH as well
as luminescence of Ru(bpy)s>". The lifetime of Ru(bpy)s** luminescence depends on an oxygen level
changing at used conditions within the range from 400 ns (at normal pO,) till 600 ns (at low pO,). To
calibrate the measurements we used the oxygen scavenger sodium sulfite (Na&SO5) in different con-
centrations.
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Abstract. Here we presented a new cyano-porphyrazine molecular rotor which works as an excellent dual
agent, allowing a simultaneous PDT treatment and the monitoring of its progress and the mechanism by fluores-
cence lifetime imaging. The phasor analysis of FLIM data allowed us to detect at least two domains of high vis-
cosity in cells, of 50 and 5000 cP, and the formation of the latter was promoted by PDT. While the main focus of
this study was to improve our fundamental understanding of the light-induced processesin the irradiated cell, we
also believe that these result can have practical significance to PDT treatment of cancer.

Molecular rotors are a group of fluorophores in which fuorescence depends on the rate of intramo-
lecular rotation. In media of high viscosity, intramolecular rotation is inhibited resulting in signifcant
increases of the emission intensity and the fluorescence lifetime. The development of fluorescence
lifetime-based sensors is desirable, because they can be used in imaging experiments as concentration
independent probes to monitor the viscosity in heterogeneous systems such as cells, with organelles
exhibiting a broad range of viscosity values. Very importantly, dynamic imaging with molecular ro-
tors allows us to monitor viscosity changes upon perturbation, if the time scale of a change is slower
than the time required for image acquisition. For example, it has been previously reported changes in
viscosity during light induced cell death in photodynamic therapy (PDT) of cancer, utilising a fluores-
cent molecular rotor, which allowed a concentration independent ratiometric detection [1].

Porphyrazines have recently emerged as a very important class of tetrapyrroles suitable for
PDT which is aclinical treatment for several types of cancer and relies on the excitation of a
photoactive drug, which subsequently produces short-lived cytotoxic species, such as singlet
oxygen.

One of the important challengesin PDT is the correct light dosimetry, to achieve the most fa-
vourable treatment outcome. Herein, we report a new red-emitting viscosity-sensitive porphy-
razine molecular rotor that is suitable for quantitative measurements of viscosity in a large dy-
namic range. We also demonstrate a new approach to the PDT dosimetry, based on fluorescence
lifetime measurements of porphyrazine. PDT in cells using porphyrazine is accompanied by cell
death and a significant viscosity change, as measured by its fluorescence lifetime. Thus we dem-
onstrate that photoinduced changes in viscosity could be used as a hew diagnostic tool during
PDT treatments and could be indicative of the treatment outcome (Fig. 1).

Fig. 1. (A-C) FLIM images of SK-OV-3
cells incubated with 4 uM solution of
porphyrazine for 30 min (Ae = 800 nm,
Aem = 600 — 750 nm).

. (A) Before, (B) after 3 min and (C)
/*V\\:\‘A\M after 18 min irradiation (Ze = 561).
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The FLIM data of SK-OV-3 cells incubated with porphyrazine before and after initial irradiation
(Figs. 2 A-C) were analysed using the phasor approach (Figs. 2 D-F) in order to simplify the analysis
of FLIM images.

Fig. 2. (A-C) FLIM images and (D-F) phasor
plots of SK-OV-3 cells incubated with 4 uM
solution of porphyrazine obtained following
800 nm pulsed excitation and (600-750) nm
fluorescence detection. (A, D) Before and (B,
E) 20 min and (C, F) 130 min after selective
irradiation of the cells included within the
dashed rectangle (irradiation conditions Ae. =
561 nm, 5 min). A seismic colour scaleis used
to assign the lifetimes in the FLIM images.
(G) Phasor plot including (a) calibrations of
porphyrazine in glycerol at varied tempera
tures, (b) calibrations of porphyrazine in gly-
cerol:MeOH at 37 °C, (c) apolymer brush, (d-
f) the centroids of the clustering of points cor-
responding to graphs D-F, (g-h) intersection
points corresponding to viscosities of 51 cP
and > 5000 cP. Scale bar is 20 pm.

2 04 0E

a, gly:MeOH (10:0)

b, gly:MeOH mix 37 C

¢, polymer brush

d, cells before irradia

e, cells 20 min after irradia
f, cells 130 min after irradia
g- h, intersection points

Thus, we presented a new type of porphyrazine dye which works as an excellent dual
agent, allowing a simultaneous PDT treatment and the monitoring of its progress and the
mechanism by fluorescence lifetime imaging. The phasor analysis of FLIM data allowed us to
detect at least two domains of high viscosity in cells, of 50 and 5000 cP, and the formation of
the latter was promoted by PDT. While the main focus of this study was to improve our fun-
damental understanding of the light induced processes in the irradiated cell, we also believe
that these results can have practical significance to PDT treatment of cancer. Further research
is required to elucidate exact links between viscosity in individual cells and the mechanism of
lesion death (i.e. apoptosis and necrosis).
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Abstract. Surface selective laser sintering is one of the novel methods of polymer scaffold fabrication using
modern approaches combining the lack of influence of the high temperatures and organic solvents. This method
enables to use a wide spectrum of heat-labile bioactive compounds and polymers. The purpose of thiswork was
to obtain the polylactide scaffolds with and without nanoscale hydroxyapatite by surface selective laser sintering
and study the proliferation and viability of mesenchymal stromal cells expressing the fluorescence protein Tur-
boFP635 on the derived scaffolds.

I ntroduction

The current standard for the treatment of bone defects of a critical size is an autologous graft [1, 2].
But this approach is limited by the amount of available donor tissue and necessitates a second injury
site resulting in additional trauma to the patient and associated risks [3]. There are aternative ap-
proaches in regenerative medicine based on the use of bioactive scaffolds, cell-seeded scaffolds and
autologous bone grafts grown in vitro [1]. Conventional technologies of polymeric scaffolds synthesis
for bone regeneration are based on the use of organic solvents or high temperatures. One of the me-
thods of rapid prototyping - surface selective laser sintering (SSLS) is a novel method of polymer scaf-
folds synthesis using modern approaches combining the lack of influence of high temperatures and
organic solvents [4, 5]. The purpose of this work was to obtain the polylactide scaffolds with and
without nanoscale hydroxyapatite (HA) by surface selective laser sintering and study the proliferation
and viability of mesenchymal stromal cells (M SC) on the derived scaffolds.

Materialsand M ethods

The scaffolds were obtained by surface selective laser sintering in Institute of Laser and Informa-
tion Technologies (Troitsk, Russia). Interna structure of scaffolds was observed by scanning el ectron
microscopy. Uniform distribution of hydroxyapatite inside the scaffold was shown by Raman spec-
troscopy. To test the scaffolds we used MSC from human adipose tissue stably labeled with red fluo-
rescent protein TurboFP635. Such cells need no additional staining for observation. The proliferation
of MSC was studied on days 5-20 of cell culturing by laser scanning confocal fluorescence microsco-
py. The viability of the cells was analyzed using specific dyes for apoptosis Annexin V-FITC and ne-
crosis Propidium lodide.

Results

By day 5 large cell clusters were identified in pores of both scaffold types. On days 10-15, the
number of MSC significantly increased in all the samples. According to a newly developed protocol of
data processing based on the fluorescence signal of TurboFP635 the scaffolds with HA had more cells
than those without HA. Moreover, MSC penetrated deeper from the surface of all samples into the
pores. By day 20 MSC colonized all volume of both scaffold types. The cells were found on the
back side of the scaffold. The assessment of MSC viability showed the lack of large necrotic and
apoptotic areas. All scaffolds presented the structure filled with viable cells. Therefore, the polylactide
scaffolds obtained by surface selective laser sintering with and without HA showed good properties
for MSC migration and proliferation. The scaffolds with HA had more cells and can be considered as
more perspective material for bone regeneration.
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The mouse model is essential for our understanding of normal human reproduction, development
and congenital defects. Live dynamic imaging of mouse developmenta events is a challenging task;
imaging depth and resolution are interdependent, and a significant improvement in one of these para-
meters usually comes at the expense of the other. Because early mouse embryos go through rapid and
dramatic morphological changes, there is no single imaging modality, which would alow for visuali-
zation of all these events at high resolution. Our research focuses on developing methods for live im-
aging and dynamic characterization of reproductive and early embryonic developmental events and
using them in mouse models of human diseases. Using multidisciplinary methods: optical coherence
tomography (OCT), fluorescence microscopy, live mouse embryo manipulations and static embryo
culture, molecular biology, advanced image processing and computational modeling we aim to under-
stand developmental processes. We have developed a series of OCT based approaches to live analysis
of reproductive and developmental processes including:

(1) three-dimensional imaging and tracking of murine oocytes as they exit the ovary and migrate
through the oviduct to the uterus;

(2) liveimaging of early mouse embryos (E8.5 — E9.5) cultured on an imaging stage and visualiza-
tion of developmental events with a spatial resolution of a few micrometers (less than the size of an
individual cell) and aframe rate of up to hundreds of frames per second;

(3) reconstruction of cardiodynamicsin 4D (3D+time);

(4) in utero embryonic imaging of different organ systems including limbs, brain and eye. We are
now using these methods to study how specific mutations affect organogenesis.
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THE USE OF TRANSFERRIN Ru(l1) PHOTOSENSITIZERS
ASTUMOUR TARGETING STRATEGY

L.Lilge", S. Forward®, P. Kaspler?,
S. Lazio®, Ya. Arenas’, and A. Mandel?

! Princess Margaret Cancer Centre, University Health Network, Toronto, Canada
lothar.d.lilge@gmail.com
2 Theraase Inc., Toronto Canada

Abstract. Photosensitizers based on metal-complexes are of interest due to the ability to modify
absorption and chemical binding properties separately via the use of different ligands. Ru** based pho-
tosensitizers are known to be Photodynamic Therapy (PDT) agents against bacteria, whereas use for
oncological indications in vivo has not been demonstrated. We present in vitro and in vivo data show-
ing that premixing a Ru**-based photosensitizer, TLD1433, with transferrin increased the molar ex-
tinction coefficient, particularly at longer activation wavelengths, reduced photobleaching rates, and
reduced the toxicity of the complex. Considering that the transferrin receptor is upregulated in the ma-
jority of malignancies, premixing of the Ru?* complex with transferrin will convert the active pharma-
ceutical ingredient TLD1433 into adrug of potentially considerable clinical usage.

I ntroduction

Attributes of particular Ru** complexes are their controllable design, preparation, isolation or puri-
fication and a potentially high *O, quantum yields, whereas Coordination complexes are of interest as
they may not require oxygen to exert a cytotoxic effect. The pseudo-octahedral complexes provided by
Ru*" alow design option for ligands providing affinity for DNA binding, overall stability, and solubil-
ity. Drug transport through tissue for these Ru** complexes is however an issue limiting their testing in
vivo and also for subsequent clinical trandlation.

In the vast majority of cancers the transferrin receptor (Tf-R) is upregulated to boost Fe** stores.
Expression of Tf-R correlates with tumor grade, stage, progression and metastasis and investigating
the Tf-R as atransport mechanism for PDT has been ongoing for the past decade.

Here, we report on the effects of the [Ru*" (4,4'-dimethyl-2,2"-bipyridine (dmb)),(2-(2',2":5",2"-
terthiophene)-imidazo[4,5-f][1,10] phenanthroline)]** complex known as TLD1433 following binding
with Tf, whereby the TLD1433-Tf complex is termed Rutherrin.

Results

Figure 1 shows the gain in molar extinction coefficient by Rutherrin over Tf or TLD1433 across
the visible and NIR optical spectrum. The increased Rutherrin absorption was reflected by increased
lumi nescence emission compared to TLD1433 abeit at alesser gain so the luminescence is weak. One
formed at pH 7.5 the Rutherrin complex is maintained even at a pH of 4.8. Additionally an improved
photostability over TLD1433 is noted, resulting in in less than 50% absorption loss for 2 10" huvem™
525 nm photons absorbed by the photosensitizer.

Figure 2 show the TLD1433 and Rutherrin fluorescence after 150 minutes loading in AY 29 cells
showing a marked.

Figure 3 shows reduced dark toxicity at low photosensitizer concentration and some increase in
PDT mediated cell kill in AY 29 cells this leads particular for 8-16uM concentration of the active in-
gredient to amarked increase in therapeutic index.

The reduced dark toxicity seen in vitro was aso noted in vivo where the maximum tolerated dose
for the photosensitizer was increased amost 2 fold. Particular through the gainsin NIR absorption by
Rutherrin over TLD1433 the efficacy for Rutherrin mediated PDT in vivo was improved as shown in
figure 4.
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Fig. 4. Tumor free survival after 50mg/kg
TLD1433 or m-Rutherrin (12.5uM Tf) me-
diated PDT in the CT26.CL25 subcutaneous
tumor model. For NIR PDT 5x5 mm tumors
were treated with 600Jcm™ radiant exposure
of 808nm light. Light only (sguare),
TLD1433 only (circle), TLD1433 PDT
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Our findings suggest Rutherrin as preferred PDT PS drug over TLD14433 Predominant generation
of hydroxyl radical is an indication for use in low oxygen environment present in solid tumors. The
combination of Tf mediated transport and PDT activity in low oxygen concentration are interesting

aspects towards targeting cancer stem cells.
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STUDY OF NADH AND FAD IN CANCER
AND NORMAL CELLSIN VITRO USING FLIM
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Abstract. Fluorescence metabolic imaging measures lifetimes from nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FAD). The purpose of our work was to investigate metabolic activity
of normal and cancer cells in vitro by Fluorescence Lifetime Imaging (FLIM). NADH and FAD were analyzed
in monocultures and co-culture of cancer cells and fibroblasts. It was found that cancer cells shift metabolism
from OXPHOS on glycolysisin the presence of fibroblasts.

I ntroduction

Cell metabolism is the sum of the chemical reactions taking place within each cell and providing
energy for vital processes[1, 2]. Most mammalian cells use oxidative phosphorylation (OXPHOS) for
energy supply, whereas a metabolic switch from OXPHOS to glycolysis is often observed in cancer
cells, even in the presence of oxygen (Warburg effect) [3]. NADH and FAD are the main metabolic
cofactors that work as electron acceptors and donors in the electron transport chain of mitochondria.
Since these co-factors have capability for fluorescence, their relative content and state (free or bound)
can be assessed using time-resolved fluorescence microscopy. Recently, NADH and FAD fluores-
cence lifetime measurements have been used to monitor cell metabolic activities, based on the lifetime
changes and the ratio of relative contributions of two major lifetime components [4, 5, 6]. The advan-
tage of fluorescence lifetime measurement over intensity measurement is a sensitivity to the changes
between free and bound form [5, 6, 7, §].

The purpose of our work was to investigate metabolic activity of normal and cancer cdllsin vitro
by Fluorescence Lifetime Imaging (FLIM).

Materialsand Methods

In these experiments different cell lines, including colon carcinoma and fibraoblasts, were used. The
cells were cultured in DMEM containing 100 pg/ml penicillin, 100 pg/ml streptomycin sulfate and 5%
fetal bovine serum (FBS) at 37 °C in a humidified atmosphere with 5% CO.. For fluorescence imaging
300x10° cells were plated on 25 mm glass-bottomed dishesin DMEM Life (without phenol red). Fluo-
rescence lifetimes were measured in 24 h.

Fluorescence lifetime images were collected using the fluorescence laser-scanning microscope
LSM 710 (Carl Zeiss, Germany) equipped with time-correlated single photon counting (TCSPC) elec-
tronics (Becker & Hickle GmbH, Germany). The images were acquired through a water immersion
objective 40x, 1.2 NA. NADH and FAD fluorescence was excited by a femtosecond Ti:sapphire laser
with a repetition rate of 80MHz at the wavelength of 750 nm or 900 nm and recorded using 455-500
nm or 500-550 nm bandpass filters, respectively. The analysis of the FLIM data was performed using
SPClmage software (Becker & Hickl GmbH, Germany).

Results

As expected, NADH and FAD fluorescence decay curves were best fit to a double-exponential de-
cay model with the first (short, T;) components corresponded to free NADH and protein-bound FAD,
and the second (long, 1) components corresponded to protein-bound NADH and free FAD. The re-
sults of lifetime measurements showed that in the mouse fibroblasts the fluorescence lifetimes did not
differ from cancer cells, but the relative contributions of the lifetime components were different, indi-
cating that the fibroblasts display more OXPHOS metabolism than cancer cells in monoculture condi-
tions. It is interesting that in monocultures of human cancer and normal cells fluorescence lifetime
parameters did not differ significantly. In co-culture conditions an increase of the relative contribution
of free NADH was detected in the cancer cells, while in the fibroblasts it decreased indicating a shift
to more glycolytic metabolism in cancer cells and to more oxidative metabolism in the fibroblasts.
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Conclusion

In summary, FLIM technique showed great opportunities for metabolic imaging in living cells. The
differences in a cell metabolism were detected between mouse cancer cells and fibroblasts, as well as
between mouse and human cancer cells in monocultures. Co-culturing of human cancer and normal
cells led to metabolic switch to glycolysis in cancer cells, similar to that characteristic for most real

tumors.
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Abstract. The non-invasive imaging of cell metabolism within tissues to assess the efficacy of stem cell
therapy and understanding the tissue development is of great interest. In this study we investigated metabolic
trajectory of the mesenchymal stem cell (MSC) differentiation on the change of the fluorescence lifetime of free
and bound forms of the nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotides (FAD) us-
ing Fluorescence Lifetime Microscopy. Undifferentiated, adipogenically and osteogenically differentiated human
MSCs were imaged with a Zeiss 710 microscope coupled to a FLIM system. Short and long NADH, FAD life-
time fluorescence and ratio of free and bound NADH and FAD were shown to increase in differentiated cells.

I ntroduction

Currently the investigation of the stem cell’s metabolic state, differentiation state and cell-lineage
commitment is sure to be of great interest. At the same time fluorescence lifetime microscopy (FLIM)
alows non-invasively and for a longer time to study the functional changes that underlie cellular me-
tabolism. FLIM measures the time-decay characteristics of the cell and allows to identify a molecular
localization of intrinsic fluorophores and endogenous proteins such as collagen, flavins, nicotinamide
adenine dinucleotide (NADH).

M aterialsand methods
Cell culture

We used human bone marrow mesenchymal stem cell (MSC). Differentiation of the MSCs was in-
duced by incubating attached MSCs in the adipogenic and osteogenic induction medium. Before and
on day 21 after the induction of adipogenic and osteogenic differentiation, the samples of cells were
imaged.

The fluorescence lifetime images are acquired with a Zeiss 710 microscope coupled to a
Ti:Sapphire laser system and a FLIM system. The intrinsic fluorescence of NADH and FAD was ex-
cited at 750 nm and 900 nm respectively.

Results and discussions

The representative images of the NADH fluorescence lifetime of the undifferentiated MSCs, diffe-
rentiated adipocytes and osteoblasts on day 21 were received. Each pixe represents short and long
fluorescence which corresponds to lifetimes of free and bound NADH and was color-coded. Appar-
ently, these images exhibited an NADH fluorescence lifetime shift color changed toward higher values
during the MSC differentiation. The changes in the NADH fluorescence lifetime from the undifferen-
tiated MSCs to the differentiated adipocytes and osteoblasts were confirmed in a series of samples.
Short and long NADH, FAD lifetimefluorescence were increased in the differentiated adipocytes and
osteoblasts. Besides, the rise of free and bound NADH and FAD ratio was shown. The increase of this
ratio indicates the change ratio of free and bound NADH and FAD in differentiated M SCs adipocytes
and osteoblasts. This is the evidence of changes in the ways of the hydrolytic cleavage of macromole-
culesin the cells. Our results about the increase of short and long NADH, FAD lifetimefluorescence
as well as were the change ratio of free and bound NADH and FAD in the differentiation process con-
firmed by the data of other researchers[1].

Conclusion

The results suggest that the change in the ratio of free and bound forms of NADH and FAD in un-
differentiated and differentiated adipocytes and osteoblasts indicates a switching pathway of the glyco-
lysis and oxidative phosphorylation in the differentiation process.
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Abstract. Molecular oxygen (O,) plays important roles in cell and tissue function. Quenched phosphores-
cence detection allows non-invasive quantification of O, in respiring samples using solid-state sensors or soluble
nanosensor probes. Here we demonstrate the O, imaging PLIM-TCSPC method with different 3D tissue models:
cancer and stem cell spheroids, explants of brain, colon, bladder tissue, cultured organoids. This approach allows
visualisation of hypoxia with sub-cellular resolution, and studies of stem cell development and metabolic re-
sponses of cancer cellsto drug treatment.

I ntroduction

Quenched-phosphorescence detection alows quantification of cell and tissue O, by means of dedi-
cated indicator dyes and sensor materials on their basis [1]. Pt(I1)-porphyrins, which display long-lived
emission (lifetimes 10-100 ps), high brightness [2], can be incorporated in solid matrices (e.g. polysty-
rene scaffold) or nanoparticle structures, which shield them from interferences (pH, ionic strength, pro-
teins, etc.), improve biocompatibility and provide optimal sensitivity to O,. Cell-penetrating O, probes
can aso be designed from small molecule and nanoparticle structures. The O, nanosensors of new gen-
eration [3] provide efficient staining of monolayer and 3D cell cultures in 1-16 h and high-resolution
imaging of tissue O, in multiple detection modalities (ratiometric intensity or lifetime based O, sensing
under one or two-photon excitation). Phosphorescent O, imaging can be multiplexed with many other
conventional fluorescent probes, proteins and antibody stains, to correlate tissue hypoxia and O, dynam-
ics with other physiologica parameters of the cel or tissue sample. Tumor spheroids are now widely
used to study cancer in vitro [4]. In this 3D tissue mode cell-cell contacts and mass exchange conditions
have close resemblance to in vivo conditions. Due to their size (> 100 um), gradients of nutrients and
metabolites such as O, and niche regions, such as necrotic cores are formed. The main challenges with
imaging of tumor spheroids are limited in-depth staining with extrinsic probes (nanoparticles, fluorescent
proteins), and limited light penetration depth.

Imaging of intra- and pericdlular O, in 3D tissue models

Recently, we have developed new ultra-bright nanoparticle O, probes with improved cell staining
ability, tunable surface charge and spectral characteristics (two emission spectra variants: blue-red and
green-infrared). Using optimised procedure, we achieved ailmost 100% in-depth staining and intracel-
lular distribution of the probe in 200-300 um spheroids, thus alowing their imaging on a confocal
one-photon TCSPC-PLIM microscope. Fig. 1A shows examples of staining of tumor spheroids from
HCT116 cell with nanoparticles (red) and corresponding phosphorescence lifetime (PLIM) image in-
forming on its oxygenation state. To relate the oxygenation with number of dead cells, spheroids can
be co-stained with fluorescent live cell dyes such as CellTox Green [5].

As an alternative to cell staining, we also designed phosphorescent O,—sensitive scaffolds, where
the standard microporous polystyrene scaffold for 3D cell culture was impregnated with an Oy~
sensitive indicator dye to allow sensing of peri-cellular O, concentration [6]. Fig. 1B shows distribu-
tion of HCT116 cells in the scaffold, and dependence of oxygenation on cell density (reflected as
higher phosphorescence lifetime values).

These O, imaging approaches — cell-penetrating nanoparticle probes and phosphorescent O, sensi-
tive scaffolds — are now actively used in several detailed physiological studies with 3D models of stem
and cancer cells.
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Abstract. Glycolysis and oxidative phosphorylation are key playersin energy conserving mechanisms. It is
accepted that both reactions go along with changes of the fluorescence lifetime of NADH and FAD. FLIM of
NADH and FAD are therefore achieving increased interest in fluorescence guided diagnosis of various diseases.
However, as observed in a variety of investigations, the situation is complex and the result is influenced by other
parameters like oxidative stress. Moreover, oxygen tension has to be taken into account in order to understand
the underlying reasons for metabolic alterations. Phosphorescence lifetime imaging (PLIM) is a new method to
observe oxygen tension.

Cell metabolism in general and energy content in greater detail can be determined by the analysis
of chemical reactions providing ATP, FAD+ and NAD(P)H. Glycolysis and oxidative phosphorylation
(OXPHOQOS) are the key players in energy conserving mechanisms. It is well accepted that both reac-
tions go along with changes of the fluorescence lifetime of NADH and FAD. The time resolved fluo-
rescence characteristics of NADH and FAD are therefore achieving increased interest in fluorescence
guided diagnosis of various diseases. However, as observed in avariety of investigations, the situation
is complex and the result is influenced by other parameters like oxidative stress or tissue architecture.
In this context, the observation of a“negative” Warburg effect is just one example [1]. Consecutively,
fluorescence lifetime measurements (FLIM) addressed by imaging of NADH and FAD does not al-
ways correlate with cell metabolism. Moreover, oxygen tension has to be taken into account in order
to understand the underlying reasons for metabolic alterations. Importantly, phosphorescence lifetime
imaging (PLIM) isanew method to observe oxygen tension (see figure 1).

Within this presentation the basic mechanisms and relations of FLIM, PLIM and cell metabolism
will be discussed and clinically relevant applications will be demonstrated. This includes investiga-
tions on tumour diagnosis, Alzheimers related disease as well as the transition of SIRS (severe in-
flammatory response syndromes) to sepsis.

Determination of pO, by PLIM following the Stern-Volmer equation:

1o/t =1 + K, [Oy]

7y is the phosphorescence lifetime of a phosphorescent probe in the absence of
oxygene, Ksv is the Stern-Volmer Quenching constant

hypoxiallow pO, normoxial high pO,
Glycolysis mitochondrial energy metabolism OXPHOS
I,NADH bound(mito) INADH bound(mito)
Jrro- frro
I‘NADH free (cytoplasm) INADH free (cytoplasm)

Fig. 1. Possible correlation between pO, (PLIM) and cell metabolism (FLIM)
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ENCODED FRET-BASED SENSOR FOR CASPASE-3
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Abstract. Apoptosis is known to be an important cellular event that plays a key role during treatment of
many diseases. Caspase-3 is a cysteine protease involved in the «execution» phase of a programmed cell death.
This study was aimed at the development of method of detection of caspase-3 activation using a new genetically
encoded FRET-based sensor consisted of a red and near-infrared proteins fused through a DEVD linker. The
possibility of analysis of a caspase-3 activity in cancer cells in vitro by means of the sensor and fluorescence
lifetime imaging was shown for the first time.

I ntroduction

Apoptosisis acdlular process that plays an important role in tissue homeostasis, pathophysiology
and treatment of many diseases. Several mechanisms through mitochondria or outer membrane recep-
tors are known to be involved into apoptosis induction [1-3]. The execution of apoptosis is mediated
by the members of the caspase family, which can be subdivided into initiator and effector caspases.
Caspase-3 is believed to be the primary executioner of a programmed cell death. Inhibition of this en-
zyme can block apoptosis. Measurement of caspase-3 activity is essentia, for example, for anti-cancer
drug design and screening [4, 5].

The use of biosynthetic fluorescent sensors based on Forster resonance energy transfer (FRET) is
an important approach for imaging apoptosis. FRET is a quantum mechanical process between two
fluorophores whereby energy from an excited donor molecule is transferred to the acceptor molecule.
This results in areduction in donor fluorescence emission and lifetime, at the same time, an increasein
acceptor fluorescence emission. It is known that the lifetime of adonor protein is elevated in caspase-3
activation. Therefore, FRET technique can be used to monitor the dynamics of caspase-3 activation in
living cellsin real time [5-7].

The aim of this study was to develop the method of caspase-3 activity detection in cancer cellsin
vitro using a new genetically encoded FRET-based sensor.

Materialsand Methods

CT26 (murine colon carcinoma) cell line and CT 26 stably expressing the sensor for caspase-3 were
cultured in DMEM with 10% FCS, 1% glutamine, 10 units/mL penicillin and 10 pg/mL streptomycin.
Cell cultures were maintained at 37 °C in a humidified 5% CO, incubator.

CT26 cells were transiently transfected with mKate2 plasmid cDNA. Transfection of the plasmid
into CT26 cells was carried out by using X-tremeGENE 9 DNA Transfection Reagent (Roche Diag-
nostics GmbH, Germany). After 24-48 hours fluorescence signa was examined by Fluorescence Life-
time Imaging (FLIM).

For apoptosisinduction, CT26 cells stably expressing the sensor for caspase-3 were plated 24 hours
before the experiment and then treated with 5 pg/ml staurosporine (STS) immediately before fluores-
cence imaging. Detection of caspase-3 activation was performed during 3 hours post-induction of
apoptosis using the FLIM system.

FLIM was performed on the Laser Scanning Confocal Microscope LSM 710 (Carl Zeiss, Germany)
with FLIM module (Becker&Hickl GmbH., Germany). C-Apochromat 63x/1.2 W Korr objective
was used for all measurements. The donor protein was excited with a Ti:Sa short-impul se femtosecond
laser ChameleonVisionll (Coherent) at 1000 nm. Fluorescence was detected with 595-670 nm
emission filter. FLIM sequences were obtained at 37 °C at a modulation frequency of 80 MHz.
he FLIM data were processed using the SPClimage software (Becker&Hickl GmbH,
Germany). The fluorescence lifetime of the donor alone as well asin the presence of the acceptor were
measured.
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Results

A new geneticaly encoded FRET-based sensor for caspase-3 was constructed by fusing of the far-
red protein mKate2 (donor) and the near-infrared protein iRFP (acceptor) with a specialized linker that
contains a caspase-3 recognition and cleavage sequence, DEVD. Activation of caspase-3 leads to the
cleavage of alinker DEV D between a donor and acceptor proteins, effectively reducing the FRET.

The onset of apoptosis in CT26 cells expressing mKate2-DEV D-iRFP sensor was observed after
STS treatment. STS is supposed to be a powerful inducer of apoptosisin avariety of cell types|[7, 8].
It was used as a positive control on caspase-3 activation. In the experiment the treatment with STS led
to activation of caspase-3 and appearance of morphologically apoptotic, disintegrated cells. Caspase-
3-dependent cleavage of the DEVD motif decreased energy transfer from a donor protein mKate2 to
the acceptor iRFP and resulted in FRET loss.

Analysis of fluorescence lifetime in CT26 cells expressing mKate2-DEV D-IRFP after STS treat-
ment revealed an increase in mKate2 lifetime. In the cells expressing mK ate2 alone, the mean fluores-
cence lifetime of mKate2 was 2045+44 ps. In comparison, the mean fluorescence lifetime of mKate2
in the cells stably expressing mKate2-DEV D-iRFP sensor was 1759+49 ps. After STS treatment the
lifetime of the donor increased to 2064+37 ps and corresponded to the lifetime of mKate2 in the cells
expressing this protein alone. Consequently, a new genetically encoded FRET-based sensor of a cas-
pase-3 activity, mKate2-DEVD-iRFP, can be used to provide a measurement of the caspase-3 activa-
tion in tumor cells.

In conclusion, the possibility of analysis of a caspase-3 activity in cancer cellsin vitro by means of
the new FRET-based sensor and fluorescence lifetime imaging was shown for the first time. This me-
thod can be used to monitor activation of caspase-3 during anti-tumor treatment to provide rapid as-
sessment of apoptosisinduction for improvement chemotherapy efficacy.
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Abstract. We report on recent developments in two-photon light-sheet microscopy to perform multicolor
and fast imaging deep inside live organisms. The principle, implementation and advantages of two-photon light-
sheet microscopy are discussed. With live imaging of fly and zebrafish embryos and larvae, we demonstrate its
performance in maintaining good signal and high spatial resolution deep inside biological tissues, as well as high
acquisition speed and low phototoxicity. In addition, we present a strategy based on wavelength mixing to per-
form optimal and simultaneous two-photon excitation of three chromophores with distinct absorption spectra.
These approaches open new opportunities for live imaging in developmental biology and neurosciences, includ-
ing the investigation of cardiac development or the brain-wide functional imaging.

Multiscale and multidimensional study of biological processes tremendoudly benefits from recent
advances in live microscopy [1]. In the past decade, light-sheet microscopy has gained widespread
recognition due to its distinct advantages for imaging live organisms. Indeed, the ability to carry out
fast, three-dimensional optical sectioning with both an extended field of view and limited photoda
mage is a unique advantage of light-sheet microscopy. However, the imaging speed performance of
light-sheet microscopy comes with several limitations for live imaging, including a limited imaging
depth. On the other hand, two-photon excited fluorescence microscopy achieves high imaging depth
into scattering tissues with limited acquisition speed and challenging multicolor excitation. To over-
come these limitations, we report on the development of two-photon light-sheet microscopy, which
combines two-photon excited fluorescence with orthogonal illumination. First, we will introduce the
principle of two-photon light-sheet microscopy and demonstrate its performance in maintaining high
spatial resolution deep inside biological tissues, as well as high acquisition speed and low phototoxici-
ty [2]. In addition, we will present a strategy based on wavelength mixing to perform optimal and si-
multaneous two-photon excitation of three chromophores with distinct absorption spectra. We show
this approaches open new opportunities for live, multicolor, multidimensional and multiscale imaging
in developmental biology and neurosciences. We illustrate these potentials by imaging fly develop-
ment, and recording fast and multicolor images of the beating heart in zebrafish embryos with negligi-
ble photodamage and sufficient spatio-temporal resolution for 3D-cell tracking during a cardiac cycle
[3]. In addition, we show near-infrared two-photon light-sheet imaging is suitable for 3D brain-wide
functional imaging in zebrafish larvae at cellular resolution [4]. This method eliminates the photosti-
mulation associated with one-photon functional imaging. Hence, two-photon light-sheet imaging
should be considered as the method of choice for whole-brain network analysis of most processes in-
volving the visual modality or sensitive to the photic environment.
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Abstract. The development of photodynamic therapy, a promising therapeutic strategy for cancer, requires
highly selective phototoxic agents. The purpose of this study was to compare the phototoxicity of the first genet-
ically encoded photosensitizer KillerRed (KR) against mouse colon carcinoma CT26 in vivo upon continuous
wave (CW) and pulsed laser irradiation. Our results showed the increased number of damaged and apoptotic
cellsin CT26-KR tumors after pulsed laser treatment, while in the case of CW mode there was no effect. There-
fore, we report for the first time on phototoxicity of KR in a mouse tumor model upon pulsed laser irradiation.

I ntroduction

Photodynamic therapy (PDT) is a promising therapeutic strategy for cancer [1]. However, the de-
velopment of effective PDT requires highly selective phototoxic agents. Recently, it was found that a
red fluorescent protein KillerRed (KR) has pronounced phototoxic properties and can be successfully
used as genetically encoded photosensitizer.

Previoudy the ability of KillerRed to block cell division and induce a cell death was demonstrated
in cancer cell lines in vitro [2, 3] and HelLa tumor xenografts in vivo [4], but the induction of the ef-
fects required multiple laser irradiation at high light doses. To improve this approach for PDT an op-
timization of the laser treatment regime is needed. Recently, a comparison of continuous wave (CW)
and pulsed laser irradiations has been performed on the KR-expressing tumor spheroids and higher
efficiency of pulsed laser treatment for activation of apoptosis has been shown [5].

The purpose of this study was to compare the phototoxicity of the first genetically encoded photo-
sensitizer KillerRed in mouse colon carcinoma CT26 in vivo upon CW and pulsed laser irradiations.

Materialsand Methods
Cdll line and mouse tumor model

CT26 murine colon carcinoma cell line (ATCC CRL-2638) stably expressing histone H2B-tandem
KillerRed (H2B-tKR) fusion was obtained by lentiviral transduction.

The experiments were carried out on the immunocompetent Balb/c mice weighing 18-20 g. CT26
or CT26-KR tumors were induced by subcutaneous (s.c.) injection of 5-10° cancer cells suspended in
100 uL PBS into the mouse leg.

All the experiments conducted on animals were approved by the Institutional Ethical Committee
(Nizhny Novgorod State Medical Academy, Russia).

Laser treatment

A diode pumped solid state yellow laser (MGL, Changchun New Industries Optoelectronics Tech.
Co., Ltd. (CNI) P.R. China), 593 nm, was used for CW laser treatment. In the case of pulsed mode
tumors were irradiated by a tunable pulsed laser (LS-2214PC, LOTIS TlI, Belarus), 584 nm, 15 ns,
10 Hz. To perform PDT mice were treated for 30 min at 150 mW/cm?, 260 Jcm? for CW laser or
225 mW/cm?, 337 Jem? for pulsed laser on the 6, 7, and 8" days of the tumor growth. During the ir-
radiation photobleaching of KR in tumors in vivo was assessed based on fluorescence whole-body im-
aging. 24 h after the last treatment tumors were surgically removed for histological analysis (H&E).

Results

The evaluation of photobleaching of KR in CT26-KR tumors showed a significant difference be-
tween the CW and pulsed mode. The CW laser irradiation at 150 mW/cm? resulted in 35% fluores-
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cence decrease and temperature increase by 1-2°C. Maximum fluorescence decrease 45% was ob-
tained at the power density of 260 mW/cm?, but there was an undesirable temperature increase by 4-
5°C in that case. Pulsed laser treatment demonstrated higher fluorescence decrease (60%) at lower
power density (225 mW/cm?) and no temperature changes.

An analysis of phototoxicity of KR after PDT with CW (150 mW/cm?, 30 min, x3) laser displayed
no effect on tumor tissue (Fig. 1). There was no difference in histopathology between treated and un-
treated CT26-KR tumors. In contrast, PDT with pulsed laser (225 mW/cm?, 337 Jem?, x3) caused
pronounced dystrophic changes in tumor cells (Fig. 1). It was found that the portion of damaged cells
was 23.2% and 43.8% in untreated and treated CT26-KR tumors respectively. The dystrophic changes
included vacuolated cytoplasm, swollen or irregular hyperchromic nuclei and chromatin condensation.
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Fig. 1. A histological view of CT26 and CT26-KR tumors.
Representative tissue sections stained with H& E are shown. Scale bar is 100 um

In summary, we present the first report on a phototoxicity of KillerRed as a genetically encoded
photosensitizer a mouse tumor model upon pulsed laser irradiation. We show that pulsed mode is more
preferable for animal studies due to the absence of temperature effect, and induces more pronounced
photobleaching and phototoxicity of KillerRed.
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Abstract. We report here on some results about the specific tumor cells parameters obtained by the fluores-
cence microscopy techniques (one-photon and two-photon microscopy, FLIM) and fluorescence whole-body
imaging. A few parameters that potentially can change as a result of cancer transformation were studied — intra-
cellular pH (pHi), hydrogen peroxide level, metabolic status and microviscosity.

New genetically encoded ratiometric biosensors SypHer2 [1] and HyPer2 [2] based on the fluores-
cent protein cpY FP were used to detect pHi and hydrogen peroxide, correspondingly. Cell metabolism
was analyzed by NADH and FAD fluorescence lifetime [3]. The study was performed on monolayer
cell cultures, tumor spheroids and tumor xenografts. To initiate cancer-normal cell interaction, co-
cultures of human cancer cells and fibroblasts were prepared.

The method of pHi mapping in tumor spheroids and tumors in vivo was developed. More acidic
pHi in the core of the tumor nodule was demonstrated, that may be a consequence of hypoxia-induced
glycolytic metabolism [4].

Metabolic imaging in living cells showed the differences in a cell metabolism between cancer cells
and fibroblasts, as well as between mouse and human cancer cells in monocultures. As expected, in
co-culture conditions human cancer cells switched their metabolism to glycolysis, similar to rea tu-
mors. Slight acidification of the cytoplasm of cancer cells was detected in the co-culture, whereas pro-
duction of hydrogen peroxide increased significantly. These findings testify to the important role of
hydrogen peroxide in cellular interactions and metabolic cooperation of cancer cells and fibroblasts for
supporting carcinogenesis.

Using fluorescent Bodipy-based molecular rotors and FLIM cellular microviscosity was estimated
in cancer cells and fibroblasts in vitro and tumors in vivo. We showed that microviscosity of the plas-
ma membrane is higher than of intracellular compartments in al cell lines, and in cancer cells the
plasma membrane is more viscous than in fibrobl asts.

Finally, we can conclude, that all parameters are dramatically changed during cancer transforma-
tion and in the process of interaction between normal and cancer cells.
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Abstract. In 1993 Becker & Hickl introduced a time-correlated single photon counting (TCSPC) technique
which was 100 times faster in acquisition speed than the existing devices. Moreover, the new technique not only
recorded a single waveform of a light signal but a complex photon distribution over the times of the photons in
the excitation period and various other parameters, such as wavelength, spatial parameters, or the time from a
stimulation of the sample. In the past 20 years, multi-dimensional TCSPC has constantly been developed, and
become the basis of several key technologies of biomedical optics. We will describe the recent advances of the
technique.

Development of Multi-Dimensional TCSPC

Becker & Hickl GmbH was founded in 1993 with the aim to introduce new technical principlesin
time-correlated single photon counting (TCSPC). The first one was a fast TAC-ADC principle which
made the devices more than 100 times faster in acquisition speed without sacrificing time resolution
and accuracy. The second one was a multi-dimensional recording process. It resulted from the realisa-
tion that TCSPC records a photon distribution. In classic TCSPC, this is just the distribution of the
photons over the time in the excitation pulse period. In multi-dimensional TCSPC, it is a distribution
over several parameters [1]. In addition to the time in the excitation pulse period, these can be the
wavelength of the photons, the (variable) wavelength of an excitation source, spatial coordinatesin an
image area, an additional time after the start of the experiment or after a stimulation of the sample, a
time within the period of an additional modulation of the laser, a voltage, or any other parameter of
the experiment that can be associated to the photons [2]. These developments resulted in a variety of
new techniques, instrumental principles and applications, a selection of which will be described in
this paper. A few examples are shown in Fig. 1.

Fig. 1. Examples of multi-dimensional TCSPC. Left to right: Multi-wavelength fluorescence decay measure-
ment, change of fluorescence lifetime of chlorophyll with time of exposure, fluorescence-lifetime image

Applications

Typical TCSPC applications in biomedical optics are time-resolved diffuse optical imaging tech-
niques, spectroscopy of single bio-molecules, and fluorescence lifetime imaging (FLIM) [3]. Diffuse
optical imaging aims at the reconstruction of internal structures and optical parameters of thick tissue
via the detection of time-of-flight distributions of photons at multiple wavelength and at multiple
source and detector positions. Single molecule spectroscopy resolves the function of bio-molecules by
detecting photon bursts from molecules travelling through a laser focus, and detecting parameters
such as wavelength, polarisation, and temporal changes within the individual bursts. FLIM detects
molecular interactions between bio-molecules and their molecular environment by recording fluores-
cence decay functions within the pixels of an image area.

Advances

Recent advances in multi-dimensional TCSPC have been driven by a combination of new detectors
and the use of 64 bit Windows technology. The large amount of memory available in the 64 bit envi-
ronment provides the memory space for more complex photon distributions, and the detectors provide
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the sensitivity for filling these distributions with photons. The improvements are especially apparent
in FLIM. With 64 bit technology, it becomes possible to record FLIM data at mega-pixel image size
[4]. More importantly, complex photon distributions can be recorded without compromising spatial
resolution. These can be multi-wavelength FLIM, excitation-wavelength multiplexed FLIM, spatial
mosaic FLIM, Z-stack FLIM, temporal mosaic FLIM [2], FLITS [5], FLIM combined with electro-
physiology, or combined fluorescence and phosphorescence lifetime imaging [6]. An example for
Ca"" measurement by temporal mosaic FLIM is shownin Fig. 2.

:m?ns ' ; :!m: :
Fig. 2. Measurement of change in Cat++ concentration by temporal mosaic FLIM. Cultured neurons stained
with Oregon Green, electrical stimulation. Time per mosaic element is 38 milliseconds
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Abstract. The onset of the new millennium coincides with the outbreak of new technologiesin medical sci-
ence and bioproduction. Current trends of medical research are distinguished for biological approaches based on
molecular and cell biology. These new trends call for new research techniques and as a consequence new work-
flow for R&D laboratories. This paper reviews some novel instrumentation facilitating research by minimizing
routine work and providing more results from a single experiment.

In drug discovery applications induced pluripotent stem cells are becoming a popular option for
studying disease pathogenesis and screening drug candidates. These stem cell types have unlimited
self renewal capacity can be differentiated into specific cell types and allow production of a sufficient
number to investigate the disease state of interest. Current interest in cell models for drug discovery is
induced by the fact that this provides a more relevant and less expensive model for active substances
testing as compared with animals testing. In some cases this can be particularly useful as for example
with neurological conditions, where patient brain tissue samples are rarely available in large quanti-
ties and animal models do not accurately reflect the specific human disease [1, 2]. And these new
opportunities require new techniques.

M P-SPR for cell research

Surface Plasmon Resonance (SPR) is a well-known technology, which has been used to study the
kinetics of bimolecular interaction of proteins and small molecules with enzymes active centers for
more than 30 years. Novel Multi-Parameter SPR (MP-SPR) systems extended the applicability of this
method to more complicated systems. MP-SPR instruments are based on goniometric arrangement
providing a wide range of 40—78 degrees of SPR angle and recording a full SPR curve. This provides
new opportunities for drug discovery as the ultimate goal is not just to look at drug-target interaction,
but to get an idea, how the drug will behave in vivo. Drugs are typically encapsulated in other
materials, such as cellulose and ideally, should be released slowly. MP-SPR can be used to optimize
the encapsulation material in order get best efficacy — dow release of drug from the carrier material.
Similarly, new implants also carry adrug to stimulate healing and decrease inflammation.

The first paper describing multi-parameter surface plasmon resonance approach for developing
new types of cell-based tools for life science research aimed at improving mechanistic understanding
of the type and contribution of different drug transport routes on drug absorption has been published
in 2012 [3]. In this study an MP-SPR approach in combination with living cell sensing has been
utilized for monitoring drug-cell interactions in real-time, under constant flow and without labels. The
MP-SPR approach, i.e. surface plasmon resonance angle versus intensity plots, provided fully specific
signal patterns for various cell behaviors when stimulating cells with drugs that use para- and
transcellular absorption routes. Simulated full surface plasmon resonance angular spectra of cell
monolayers were compared with actual surface plasmon resonance measurements performed with
MDCKII cell monolayers providing better understanding the origin of the surface plasmon resonance
signal responses during drug stimulation of cells. The comparison of the simulated and measured
surface plasmon resonance responses allowed for better understanding and plausible explanations for
the type of cdlular changes, e.g. morphological or mass redistribution in cells, that were induced in
the MDCKII cell monolayers during drug stimulation, and consequently to differentiate between the
type and modes of drug actions. The MP-SPR approach presented in that study has layed the
foundation for developing new types of cell-based tools for life science research, which should
contribute to an improved mechanistic understanding of the type and contribution of different drug
transport routes on drug absorption.
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Long term time-lapse cellsimaging

In recent years, terminal growth arrest, that is, senescence, especially therapy-induced senescence
(T1S), has become a major subject in cancer research and severa fields of life sciences. Senescenceis
characterized by a specific set of morphological and biochemical changes. However, methods that
evidence senescence induction are still very limited and show large variation between individual ex-
aminers. Most notably, these assays are classical endpoint assays, and, therefore, screening for senes-
cence is time consuming and expensive. The first challenge in studying living cells is how to maintain
cells in a hedlthy state with normal functionality whilst being imaged for periods more than 24 h. If
you want to keep cells happy for along period of time you would always keep them in an incubator,
but then multiple events will escape from your eye. Schott et al. [4] used PanSys 3000 to evaluated
the cytotoxicity of heterodinucleoside phosphate analogs, their corresponding monomers ECyd and 5-
FdU and combinations thereof on six metastatic melanoma cell lines and six ex vivo patient-derived
melanoma cells in comparison to current standard cytostatic agents and the BRAF V600E inhibitor
Vemurafenib. In vitro (real-time)-proliferation assays demonstrated that such platformis very conven-
ient to study cytotoxic efficacy causing melanoma cell death and is helpful for searching candidates
improving therapeutic success of patients afflicted with metastatic malignant melanoma and highlight
the importance for prospective clinical evaluation.

Thus, these new approaches and novel instrumentation provides a basis for substantial improve
and intensification of cell-based research for drug discovery.
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INTEGRATED CELL CULTURE OBSERVATION SYSTEM

O.E. Sidorenko
BioVitrum Ltd, Saint-Petersburg, Russia

Abstract. With conventional cell monitoring procedures, a culture vessel has to be taken out of the incuba-
tor for microscope observation, where cells are subjected to stressful environmental changes and vibration. Re-
searchers then have to spend additional time for repositioning the vessel to find the same observation points.
Nikon's BioStation CT eliminates these problems by providing a stable environment so that the cultures don't
suffer while they are being imaged and allowing for a complete trace of the same live cells, including stem cells.
BioStation CT houses a microscope and a camera within the Incubator. It automatically captures images of cell
cultures; there is no need to remove the vessel from the incubator and move it to the microscope.

Culture vessel

storage rack Transport unit Front door
Remote access ?

I E———
Operation E___]l

Configuring the imaging settings,
scheduling a time-lapse experiment, and =
viewing the cell images are possible viaa . ik
network. The captured data can be auto- = I b I
matically down-loaded to the user's local '
computer. This enables users to monitor o e i
the cell status outside |aboratory. When a .,g'mif"f-' B 1
culture environment (temperature, hu- | 'mebater TR stage |
midity, CO2 concentration) control error Pe o r 1]
occurs, BioStation CT can notify the Snseeien,| (G0 S
users of the error by e-mails.

| o

Cooled digital camera

Controller
Automatic image capture 1B amta

The autofocus mechanism allows
capture of in-focus images. Z-stack im- il [
aging in phase contrast observation,
multi-sample imaging and multi-point imaging are possible with multiple magnifications. User-
configured imaging conditions that can be saved in BioStation CT support the repeatability of obser-
vations.

Automatic vessel transportation

BioStation CT incorporates a transport unit that provides stable vessel transportation within the
heated and humidified incubation area. The high-precision motorized stage in the observation unit
alows for automated imaging of the entire area of awell in all culturing formats.

Full-well scan imaging and highly magnified image stitching

High-resolution full-well scans are reconstructed by stitching the captured adjacent images. This
enables clear detection of an iPS colony, which is difficult to detect because of its low induction effi-
ciency, no matter where it formsin the vessel. The specified position of the vessel can be highly mag-
nified with high resolution. BioStation CT also offers cell registration to allow for repeated visits to
the same location. These time-lapse sequences can be created even when avessel is removed from the
BioStation CT for medium exchange.

Micro observation

Phase contrast and fluorescence images can be captured with a high-
sensivity cooled CMOS camera. These images can be 2x, 4x, 10x, 20x
and 40x magnified. Up to 40 phase contrast images can be captured along
the Z axis with the Z-stack function.
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M acr o observation

Brightfield image of the whole vessel provides users outside the Bio-
Station CT with information such as handwritten information on the ves-
sel, medium color and whether mold is growing or not. In addition, alka-
line phosphatase stained cell counting is possible with optional image
analysis software CL-Quant.

Fluor escence obser vation

Long-life and low-cost LED illuminator is employed as a light source. Up to five fluorescence fil-
ter cubes can be mounted. Up to three channels can be used with simultaneous multi-channel acquisi-
tion. The expression of fluorescence proteins such as CFP, Y FP, Kusabira Orange, DsRed, Texas Red
and Cy5 can be viewed effectively in fluorescence observation.

Precise temperature control

The inside temperature is directly controlled by panel heaters embedded in the incubator's six
sides. This allows highly precise temperature maintenance.

Humidity control with air-flow type active aerosol spray humidifier

Distilled water is automatically sprayed inside the incubator to keep optimum humidity. Water can
be supplied to the tank without opening the incubator door. This air-flow type humidifier reduces
contamination risks compared to the water bath type.

Environment data recording

The culture environment is constantly monitored and recorded.
The environment data can be accessed anytime.

Smooth vessel transportation

The waver of liquid surface during the transportation is less
than 2 mm. The drift and stress of cells are reduced.

Reduced contamination risk
The incubator interior can be sterilized using hydrogen peroxide gas.
Reliable data management and documentation support

The obtained data is duplicated and protected using uninterruptible power supply. Observation in-
formation such as temperature, humidity and imaging date can be written and displayed on the cap-
tured image to simplify presentation document preparation.
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Bi&Vitrum

www.biovitrum.ru

Your reliable partner in Russia

s NIKON INCubation microscopy

When imaging living cells, tissues and organisms, it is essential to maintain cells in an optimal
environment, wllich as closely as possible mimics the in vivo environment to obtain results
that reflect real life processes. Failure to control the environment, especially during long term
time lapse studies may result in unhealthy cells that fail to divide or exhibit abnormal mor-
phologies confounding the interpretation of the results. A constant environment also helps to
define the effects of experimental variables more accurately, and provides more consistent and
reliable results.

|
/ Nikon BioStation g
|

BioStation is a combined incubator and imaging system
that provides a user specified automatically maintained
environment for cells during culture and imaging. Potential
cell stress from environmental changes and physical distur-
bance, when transferring culture vessels from incubator to
microscope for imaging, is eliminated. With cell friendly
phase and fluorescence imaging, Biostation IM-Q (for up to
four concurrent studies) and BioStation CT (for multiuser/-
multistudies) are ideal for determining the effects of morph-
ogens, performing protein localisation studies, monitoring
the effects of gene knockout and knockdown, etc. while

vl minimising cell stress.
«BioVitrum» Ltd. «BioVitrum» Ltd. Regional offices
Saint-Petersburg (HQ) Moscow Novosibirsk
199106, Russia, Saint-Petersburg 127287, Russia, Moscow Rostov-on-Don
V.0., Bolshoi pr., 68/A 2-nd Khutorskaya st., 38 A, build. 8, floor 7 Astana (Kazakhstan)
Tel \fax: (812) 305-06-06 Tel\fax: +7 (495) 787-40-46 Kazan
www.biovitrum.ru www.biovitrum.ru Krasnodar
Nizhnyi Novgorod
Vladivostok
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i Becker & Hickl GmbH
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Chameleon Discovery

Specification
Output A
Wavelength 680 - 1300
range (nm)
Output power
700 mW 1300 nm
800 mW 1400 nm
900 mW 1300 nm
1000 mW 1100 nm
1200 mW 800 nm
1300 mW 600 nm
Repetition rate 80+0,5 MHz
Power stability 1%
Pulse Duration 100 fs
Beam Mode at M%< 1,2
800 nm
Output B
Wavelength >1500 mW
1040 nm

More than 1.4 W at peak enables deepest
in vivo imaging

Highest average power

pulses 100 fs with GDD precompensation
enables efficient excitation and brightest
SHG/THG imaging

Short pulses delivered to the sample
plane

Two lasers in one! More than 1.5 W at 1040 nm
Powerful second output for multicolour excitation, CARS and
optogenetics applications.

Compact size and backwards compatible
software and beam parameters to other
Chameleon Family lasers

Handsfree operation and simple

integration

LaserTrack is official representative of Coherent Inc. in CIS.

lasertrack@lasertrack.ru; www.lasertrack.ru; +7(495) 775 38 63
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V INTERNATIONAL SYMPOSIUM

TOPICAL PROBLEMS
of BIOPHOTONICS 2015

Nizhny Novgorod
Russia

20 - 24 July, 2015

NIZHNY NOVGOROD was founded in 1221. The domi-
nating feature of the city skyline is the grand Kremlin
(1500-11), with its red-brick towers. The only ancient
edifice left within the kremlin walls is the hip-roofed
Archangel Cathedral (1624-31). Other notable land-
marks are two great medieval abbeys. The Pechersky
Monastery features the austere five-domed cathedral
(1632) and two rare churches surmounted by hipped
roofs, dating from the 1640s. The Annunciation Mon-
astery, likewise surrounded by strong walls, has
another five-domed cathedral (1649) and the Assump-
tion Church (1678).

Panorama of Pechersky Monastery

The most original church - the Nativity Church
(1719) was built by the Stroganovs in the nascent
baroque style. In 1817, the Makariev fair, one of the
liveliest in the world, was transferred to Nizhny
Novgorod, which thereupon started to attract mil-
lions of visitors annually. By the mid-XVII century,
the city on the Volga was firmly established as the
trade capital of the Russian Empire.

Nizhny Novgorod is the birthplace of the Russian
writer Maxim Gorky. The city was renamed Gorky fol-
lowing his return to the USSR in 1932 and was known
as such until 1991. All that time the city was closed to
foreigners for security of the Soviet military research.

The Nobel laureate Andrer Sakharov was exiled here
to live in banishment until 1986 to limit his contacts.
The names of many other scientists including
N.Lobachevsky, N.Bagolyubov, and A.Andronov are associ-
ated with Nizhny Novgorod.

Today's Nizhny Novgorod is one of the largest scientific,
industrial and cultural centres of Russia with popula-
tion of about 1.3 million. The city industry includes air-
craft, automobile, electronics, ship building.

Panorama of Nizhny Novgorod: Kremlin,
Upper-Volga Embankment,
Chkalovskaya Staircase and

Steam-boat «Hero» monument.

Nizhny Novgorod: the Nativity
Church and Rozhdestvenskaya St.

CHEBOKSARY was first mentioned in the chronicles
in 1469. In the old part of the modern city one can
see vedensky Cathedral (1651), Assumption (1763)
and Resurrection (1702) churches of Trinity Monastery.
0Old buildings blend well with the modern embankment
decorated with railings with national ornaments.
Cheboksary has four theatres, art, literature and
history museums, and a museum of beer.

Church of 17th century
in Cheboksary

The local art gallery situated in an art-noveau build-
ing has an amazing collection of Russian paintings
dating back to the middle of the XIX and the begin-
ning of the XX century including a rich collection of

Nikolay Feshin’s works.
1 Street in Cheboksary:

.+ church and
Art Museum

Cheboksary is a beautiful and hospitable city visited
by numerous tourists, especially during the summer
period.

Volga near Cheboksary




18th century mosque
in Kazan

0ld Tatar suburbs near the Bulak stream ¥

KAZAN was founded by Volga Bulgars. Inthe XV century,
it became the capital of the militant Kazan khanate, and
in 1552 Ivan the Terrible annexed it to Russia. The
characteristic image of Kazan is the mixture of the
Russian and Eastern styles. In the old Tatar suburbs
beyond the Bulak stream one can see craftsmen’s shops,
old houses of rich Tatars, and mosques with tall minarets
at the corners of city quarters.

The white walls of the Kazan Kremlin have been
girding the city for more than four centuries. Here one
can see Peter and Paul’s Cathedral, a masterpiece of the
XVIII century architecture. Mardjani (1767) and Azimov
(1887) mosques add to the uniqueness of the cityscape.

Numerous churches have survived here: churches
of Epiphany (1731-1756), 5t. Nicholas (1885), Fokrov 1
(1703), the buildings of the John the Baptist Monas-
tery, Zilant Monastery, and Raifa Monastery. The
historical centre of the city has many buildings and
the so-called «income houses» in the styles of °
eclecticism and art-noveau.

The walls of the famous Kazan University founded -
in 1804 remember the names of mathematician =
N.Lobachesky, chemist A.Butlerov and poet
V.Khlebnikov. Kazan today has about 1.2 million
inhabitants. Itis the capital of the Tatar Republic and
a major centre of business and industry, including air-
craft, chemical engineering, and medical equipment.

Anatomical Theatre in Kazan University
built by architect Michail Korinfsky
in the 1830-s

18th century mosque
in Old Tatar suburbs

Panorama of the Kaban Lake in Kazan

YELABUGA is a small old town nestled in the woods on
the right bank of the Kama River. This town with a pan-
orama of churches with ancient stone mansions is a
unique example of the architecture of the XIX century.

The history of Yelabuga dates back to VIII-V BC.
The mysterious Tower of Yelabuga «Devil» settlement
witnessed the tumultuous events of the Middle Ages.
Legends, traditions and historical facts are associ-
ated with the great names of Temir-ak-Saka, Ivan the
Terrible, Pugachev, and Empress Catherine 1L, by
whose highest decree in 1780 the village Trekhsvy-
atskoye was granted the status of a town and got
the name of Yelabuga.

L

é' “0ld street with merchants’

The nature of the surrounding area was immor-
talized by the Russian landscape painter Ivan
Shishkin, born in Yelabuga. The museum devoted to
his memory is not far from the Bell Tower. Another
museum is that of Nadezhda Durova, the legendary
heroin of the Patriotic War of 1812.

Also of interest is the museum of district med-
icine named after the great physiologist and psy-
chotherapist Vladimir Bekhterev. Yelabuga was the
last refuge of the famous Russian poet Marina Tsve-

taeva. Every name, every place keeps a lot of well-

known and stjll unread pages of history.

Merchants” houses in Kozlovka

KOZLOVKA is a Chuvash town located on the right
bank of the Volga River, near the borders with the
Mari El Republic and the Republic of Tatarstan.

River port in Chuvashiya

The first settlement at the site of the modern town
was founded in 1671. In the middle of the XIX cen-
tury it was a large Volga landing place and a rich fish-
ery and woodworking center. A few samples of mer-
chants' houses can still be seen on the Volga

embankment. Volga near Kozlovka

Also preserved is the manor-house of the out-
- standing geometrician Nikolay Lobachevsky,
* where he spent his summers. Lobachevsky was
- not only a remarkable scientist, pedagogue and
—- administrator, but also a good contriver. He had
== inhismanor astable, a farm-yard, a bee-garden,
;4 avegetable garden, and an orchard.



Sun
deck

|:| Solarium Conference Hall

Sauna

Boat
deck

435

Mursic
Hall

Meva
Bar-Restaurant @ 2

SUITE SUITE
301
Volga Restaurant | ﬂ | | |

410 pe| 409

412 po| 411

408 pe| 407
A4 po| 413
4164 po| 415
418 ko] 417
420 po| 419
422 po| 421
424 bl 423
424 pa| 425
434 — [433

432 | = [431

434 | —

430 — (429

SUITE

359

Middle
deck

%
371

-

Bar

368 |~ 367

370 |-

366 (—| 365

356

360
| Ll SUITE

S
318

| 317
20 o[ 219
322 pa| 3
324 po| 323
26 po| 325
J28 pa| 327
330 po| 329
332 pe| 337
334 po| 333
A36 pa| 335
338 pa| 337
340 pa| 339
342 pe| 347
344 po| 343 |
346 o| 345
J48 po| 347
350 pa| 349
352 pe| 351
354 po| 353

El mes

SUITE SUITE

Main
deck

213

21
23
233

PR
e B M BN B

218

203
205
207
209
211

@
;
E
[
:

b
)

1204
0é&
08

210p

212
14

218

21
20

2
24
26
28
a0

232

234

2
2

™

Lower
deck

106 || 108
108 || 107
e | 109
| 111
w| 113
wl 115
wl 117

Figures on the scheme stand for numiber of places in 2 cabin



A

Abdl P.

Abe R.
Adameyko I.
Afanasyev D.A.
AgrbaP.D.
Ahmed A.-I.
Akopov A.
Alatabi S.
AlievaR.S.
Allard-Vannier E.
AllegraMascaro A.L.
Allen W.M.
Andersson-Engels S.
Andreozzi J.
ArenasYa

Arna B.

Arnim C.A.F. von
Arranz A.
Astafiev A.A.
Avetisov S.
Avramov L.

B

Babak K.V.
Bagnato V.S.
Bagratashvili V.N.

Balalaeval.V.

Barbashova L.N.
Bashkatov A.N.
Baum O.
Baumann M.
Becker W.

Beloeil J.-C.
Belousov V.V.

BelovaA.S.
Beyer W.
Beyreuther E.
Bezsudnova Yu.l.
Bisinger D.
Bolshunov A.
Borisova E.
Bosco SM.G.
Boso G.
Bouderlique Th.
Bown S.G.
Bratashov D.N.
Bredikhin V.I.
Breymayer J.
Brittenham G.
Bryant J.
Bucharskaya A.B.
BugrovaM.L.
Buravlev E.A.
Bussmann M.
BuyanovaN.L.

Bystrova A.S.

196

196
263, 271
111
67,77, 227
140, 149
229

196

246

117

147

94

112

24

282

35, 86
290

37, 60, 92
173, 207
214

230

244

240

161, 216,
280

156, 165,
264, 278
56

39, 122
214

199

104, 114,
154, 299
117

264, 269,
296

264

250

199

126

276, 290
214

230

240

104

266

232

128

252

276, 290
238

196

122

118

206

199

58, 62, 83,
272

286

INDEX OF AUTHORS

C

Carrouée A.
Chagin A.S.
Chakraborty S.
Cheng C.-L.

Cherkasova E.l.
Chernyaeva M .B.
Chertkov O.V.
Chichkov B.N.
ChinL.

Chiou A.
Chistiakov I.
Choi H.

Choi Y.
Chomchik O.
Chourpal.
Chung P.-H.
Cole M.
Coll-Lladé C.
Constantinescu M.A.
Contini D.

Cook J.
Costantini |.
Cowan T.E.
Curatolo A.

D

DalaMoraA.
Dangor D.
DanilinaA.V.
DeNiz M.

Deev SM.
Dehghani H.
Demidov V.
Desco M.
DholakiaK.

Di Sieno L.
Dmitriev R.I.
Dolotov L.E.
Dominik N.
Domracheva E.G.
Douziech-EyrollesL.
Druzhkoval.
DudenkovaV.V.

Dyachuk V.

E

EfimovaE.l.
Einem B. von
Elagin V.V.

EliseevaD.D.
Emelianov S.
Enghardt W.
Epp A.A.

317

117

266

40

116, 140,
185
267, 286
218

120

175, 216
94

40

229

99

99

214

117

140

196

222

176

104

158

147

199

94

104

196

211

50

135, 169
42

106

60

222

104

288

122

254

218

117

269, 296
44, 56, 67,
242, 244,
269, 280,
284, 286,
291, 296
271

246
290
58, 62, 118,
272
236
158
199
111

Es haghian S.
Evlashin SA.

F

Fattal M.
Fechtig D.
Feldchtein F.I.
Feofanov A.V.

Ferrier D.E.K.
Fiksl.l.

Forward S.
Freidank S.
Frenz M.
Frere S.
Fresno M.
Fuchs J.
FuchsK.
Furman O.E.

G

Gamayunov S.V.

Geissbuehler S.
Gelikonov G.V.

Gedlikonov V.M.

Generalova A.N.
GeninV.D.
GeninaE.A.
GenovaT.
Gensch T.
Gerasin A.
Ginner L.
Gladkova N.D.

Gladstone D.J.
Glaser A.
Golubyatnikov G.Y u.
Gomez-GarciaP.A.
Gong P.

Gongalsky M.B.
Gorin D.A.
Gorozhantseva M.A.
Gorshkova T.N.
Gorskhov A.V.
GrebenkinaE.V.
Grigoryev |.S.

Grin M.A.

Griner F.
GubarkovaE.V.
Gunn J.
Gunn-Moore F.J.
GuptaR.
GurskayaN.G.
GushchinaO.l.

94
161

142

46

56, 58, 62
120, 165,
273

222

48,64, 71,
90, 101

282
28,191, 193
50, 101, 176
154

60

178

104

138

58, 71, 156,
234, 236,
246

143

52, 54, 58,
62, 81, 83,
85, 97, 106
52,54, 81, 83,
85, 97, 106
135

122

39, 122
230

124

229

46

56, 58, 62,
67, 83, 106,
272

24

24

248

60

94

126, 145
122,128
248

267

69

234, 236
278

165

220

56, 67, 234
24

222

179, 182
131

273



H

Hasbargen U.
Hasmiller S.
Heinemann D.
Heisterkamp A.
Hennig G.
Hermwille M.
Heusder V.
Holdt L.M.
Hollnburger B.
Homann Ch.
Hoshi Y.

Ibrayev N.Kh.
Ignatova A.A.
Illarionova N.A.
InadaN.M.
Inami W.
Ishida S.
Izquierdo M.A.

J

Jarvis L.A.
Jenkins M.W.
Jiang S.
JnA.

K

Kabashin A.V.
KachalinaO.V.
KalganovaT.l.
KaliesS.
KaininaS.
Kamensky V.A.

Karabut M.M.
Karlson A.
Karmenyan A.V.

Karov V.A.
Karsch L.
Kasatkinal.V.
Kaspler P.
KatalaginaT.P.
Kawagoe H.
Kawata Y o.
Kazakov N.
Kennedy B.F.

Keremedchiev M.

Khaled N.
Khaydukov E.V.
Khilov A.V.
Khlebtsov B.N.
Khlebtsov N.G.

Khochenkov D.A.

Kieffer J.-C.
KimY.
Kirillin M.Yu.

238
238
183
183
238
250
50

238
254
238
104

111,133
273
236
240
187
203
278

24
275
24
196

134

236

58, 62
183

276, 290
252, 256,
294

62, 272
229

40, 140, 149,
185

234

199

97

282

256

203

187

229

94

230

238

135, 169
64

136

136

135

17

99

56, 64, 67,
69, 74, 77,
227

Kirpichnikov M.P.
KisdlevaE.B.
KlapshinaL.G.
KlementievaN.V.
Kleshnin M.S.
KlugeT.

Klyen B.R.

Kneip S.

Knott G.W.
Kochenov V.I.
Kochubey V.V.
KochuevaM.V.
Koénig K.
KorachginaK.S.
Kormacheva M.
KorolevaA.V.
Korzhimanov A.V.
Kotlyar A.B.
Kraft S.D.
Krainov A.D.
Krawinkd J.
Krivokharchenko A.S.

Kroll F.

Krupin V.N.
Ksenofontov S.Y u.
KudryashovaK.S.
Kudryavtsev A.A.
KuimovaM.K.

Kumar A.
Kurachi C.
Kuzin M.N.
Kuznetsov S.S.

KuznetsovaD.S.

L

LarinK.V.
Larinal.V.
Laschinsky L.
Lasser Th.
Lazio S.

Lee Kisung
Leitgeb RA.
Lermontova S.A.
Leutenegger M.
Liang X.-X.
LilgeL.
LinC.Y.

LinH.
LinY.-C.

Linz N.

LiuH.
LoginovaD.
Lombardo M.
LopesN.C.

L ubatschowski H.
LukinaM. M.

Lukyanov K.A.

Lukyanov S.A.
Lyubitelev A.V.

318

120

67, 244
156, 278
138
48,71, 90
199

94

196

147

252

122

244

73

234

140, 149
216

189

142

199
74,77
183

140, 149,
185, 207
199

258

52, 54, 106
120

145

167, 278,
296

46

240

246

58, 62, 234,
236, 242,
244, 272
280

76

281

199

143

282

211

46

156, 278
143
28,191
282

149

24

116
28,191, 193
112

7

35

196

198

269, 284,
296

18, 131, 138,
291

269, 294
120

M

Macdonald R.
MachnevaT.V.
Maco B.
Mahmood U.
MalyginaT.O.
Mamonov M.V.
Mandel A.
Mangles S.P.D.
Marcu L.
Marklund M.
Markwardt N.
Martin 1.
MaslennikovaA.V.

Masood U.
Matveev A.L.
Matveev L.A.

Mazurenka M.
Mbaidjol Z.
McLaughlin R.A.
Mecseki K.
MeleshinaA.V.
MémeS.
Merthan L.
Metzkes J.
Meunier M.
Meyer H.
Mironov A.F.
MironovaK.E.
Mironovich K.V.
Mishin A.S.
Mishina N.M.
Mitrakov A.A.
Mitrakova N.N.
Moiseev A.A.

Mousavi M.
Munnier E.

Murtazaliyeva M.S.

N

Nadtochenko V.A.
Nadtochenko A.V.
Najmudin Z.
NatashinaU.A.
Navolokin N.A.
NawaY a.
Nechaev A.V.
Newton P.T.

Ngo N.

Nguyen Q.D.
Nguyen T.M.
Nian F.-Sh.
Nikitin D.V.
Nishizawa N.
Novozhilov I.L.
Nuster R.

Nylk J.

(0]

O'Donndl M.
Omelchenko A.

104

206

147

60

301

258

282

196

79

189

254

60

165, 244,
248, 264
199

81, 106
58, 62, 81,
106

104

176

94

196
267, 286
117

290

199

201

183

165, 273
135

161

138

264

246

246

52, 54, 83,
85, 106
112

117

267

173, 207
224
196
145
122
187
135
266
196
196
86

120
203
267
50, 88
222

35, 86
214



Onoprienko O.V.
Oppelt M.
Oraevsky A.A.
OrlovaA.G.
Orrit M.

Osipov A.N.
OsminkinaL.A.
Osychenko A.A.
Ozeki Ya

P

Paltauf G.
Panchenko V.Ya.
Panteleeva O.G.
Papayan G.
Papkovsky D.B.
Pasukhin M.A.
Paviov M.V.
PavliovaE.
Pavone F.S.
Pawelke J.
Pelivanov .
Penkov N.
Pereira S.P.
PerekatovaV.V.
Perelman G.S.

Perevedentseva E.V.

Pereverzev A.P.
Perez C.
Periasamy A.
Peskova N.N.
Pifferi A.
PiresL.
PlankinaE.S.
Plekhanov V..
Pochtin D.P.
Poder K.
Pogue B.W.
Popov A.P.
Popp J.

Potkin A.V.
Pozzo D.
Priezzhev A.V.
Pripolzin S.I.
Prokopas M.

R

RazinaN.A.
Razumkova N.N.
Richter C.
Ripken T.
Ripoll J.
Roberts M..S.
RochevaV.V.
Rick A.
Rudin M.
Rudrof J.
RUhm A.
Rusanov A.
Ryabova A.V.

S

Sacconi L.

236

199

20

248, 264

23

206

126, 145
173,207,224
209

88
135
67
229
288
67,227
248
230
147
199
35
230
232
90
294
116, 140,
149, 185
131
35
151
156
104
240
67
64,71
256
196
24
122
26
211
35
211
218
222

246

264

199

183

37, 60, 92
153

169
276, 290
92

250
250, 254
229

207

147

Sampson D.D.
Sapunov D.A.
Sauerbrey R.
Schéfer P.
Schaffer C.B.
Scheib G.
Schneider E.M.
Schomaker M.
Schonfeld A.
Schramm U.
Schiirer M.
SdliverstovaE.V.
Semchishen V. .A.
Serebrovskaya E.O.
SergeevaE.A.
Sergeeva T.F.
Serikov T.M.
Shabanov D.V.
Shakhbazyan A.K.
Shakhov A.M.
Shakhov A.V.
Shakhova M.A.
Shakhova N.M.

Sharipov A.
Sharogradskaya A.A.
Shchedlavskiy V.
Shilyagin P.A.
ShilyaginaN.Y.

ShimolinalL.
ShirmanovaM. V.

Shumskayal.S.
Sidorenko O.E.
Siebold M.
SilvaA.P.
Silvestri L.
Singh V.
Siplivy V.
SirotkinaM.A.

Sivakov V .A.
Skrebtsova R.R.
Slutsky 1.
SnopovalL.B.

SoP.T.C.
Sobol E.
Soderlund H.
Sokolov K.
Soloviev A.
Song S.

Soucé M.
Spadin F.
SrokaR.
SroyaM.
Stauch Th.
Stepanova E.V.
Stepp H.
Stetciural.Y.
Streltsova O.S.
Studitsky V.M.
Subochev P.V.

319

94

252

199

290

213

254

290

183

176

199

199

133

135

294
67,74, 118
269, 291
111
52,54
207

173, 207
252

252

58, 67, 234,
236, 242,
246, 248,
264

143

97

154, 296
52, 54, 97
156, 165,
278

296

58, 156, 269,
284, 291,
294, 296
248

303

199

240

147

99

214

58, 62, 83,
106, 272
145

234

154

58, 62, 83,
252,272,
294

99

214

112

158

215

86

117

50

238, 250, 254
196

238

135

238, 250, 254
128

256, 258
120

50, 90, 101,
248, 294

Suetin N.V.
Sukhorukov G.B.

Sung Yo.
Supatto W.
Svenskaya Yu.l.
SymesD.R.

T

Teksan I.
Terentiev |.G.
Terentyeva A.B.
Terentyuk G.S.
Terpelov D.A.
Timashev P.S.
Timofeeva L.B.

Timoshenko V.Yu.

TimoshinaP.A.
Tolstik E.
TorresM.L.
Tos A.
Troyanova P.
Tsai J.-W.

Tsai L.-W.
Tsurikov K.E.
Tsvetkov M.Yu.
TuchinV.V.

TuchinaE.S.
Turchinl.V.

U

Ueda Ken-ichi
\Y

VaksV.L.
Vaguero J.J.
Vettenburg T.
Vinogradov S.
Vitkin A.

Vitkin LA,
Vladimirov Yu.A.
Vodeneev V. .A.
Voge A.
Vogeser M.
VolkovaE.V.
Voloveckiy A.B.
VorobyovaA.S.
Vuppalapati K.K.
Vysniauskas A.

W

Wabnitz H.
Wadduwage D.
Walker P.A.
Wang R.K.
Wei C.-W.
Wijesinghe P.
Winkler M.
Wood J.

161
122, 128,
160
179
293
122
196

238

234

252

122
52,54
216, 280
56

126, 145
122

145

183

104

230

40

116

145

161

39, 122, 136,
163

136
48,64, 71,
90, 101,
234

217

218

60

222

24

58, 62, 103,
106, 272
67

206

169
28,191, 193
238

122

165

258

266

167, 278

104
99
220
86
35
94
196
196



Wu C.-H.
Wu K.-T.
Wurzinger G.

X
Xiad.
Y

Y abashi M.

Yakimansky A.V.

Y amanaka M.
Yang Z.
Yaninal.Yu.
Y agoob Z.

158
116
88

35

29
156
203
222
122
99

The electron version of the TPB-2015 Symposium materials was prepared

Y ashchenok A.M.

Yudintsev A.V.
YuzhakovaD.V.

z

Zagainov V.E.
ZagaynovaE.V.

Zaitsev V.Yu.

128
169
294

267

58, 62, 118,
138, 264,
269, 267,
272, 280,
284, 286,
291, 294,
296

58, 62, 81,
106

Zakharov Yu.N.
Za T.

Zalesskij A.A.
Zalessky A.D.
Zeil K.

Zhang R.
Zhdanov A.V.
Zhelyazkova A.

Zlobovskaya O.A.

Zvyagin A.V.

at the Institute of Applied Physics of the Russian Academy of Sciences,

320

46 Ulyanov Str., 603950 Nizhny Novgorod, Russia

44
158

207

224

199

24

288

230

291

31, 135, 169






	обложка-титул
	Titul-new-16-07
	TPB SODERZ-гот
	0-plenary-1-нов
	1-ОВ-нов
	Chairs
	Fig. 1. Visualization of inflammation-derived alteration in mouse colons from DSS-treated animals. The DSS model of colitis was established in C57BL/6 mice. Colons were obtained from healthy and DSS-treated animals and samples were prepared and imaged...
	FLUORESCENCE MULTI-SCALE ENDOSCOPY AND ITS APPLICATIONS  IN THE STUDY AND DIAGNOSIS OF GASTRO-INTESTINAL DISEASES:  THE SYSTEM ASSEMBLY
	UP.A. Gómez-GarcíaU1,2, I. Martín1,2, A. Arranz3,  M. Fresno3, M. Desco1,2, U. Mahmood4,  J.J. Vaquero1,2, and J. Ripoll1,2
	Abstract. New endoscopy technologies, which are able to show microscopic changes in the mucosa structure, are necessary in order to address the lack of specificity and cell details of current commercial endoscopes. We present a multi-scale endoscope w...
	1 Institute of Applied Physics RAS, 60390, Ulyanov St., 46, Nizhny Novgorod, Russia
	2Nizhny Novgorod State Medical Academy, 603005, Minin and Pozharsky Sq., 10/1, Nizhniy Novgorod, Russia
	3 University of Toronto and University Health Network, M5G 2M9, Toronto, Ontario, Canada

	2-Nano-biophoton-.pdf
	Requirements to FLIM in Biology
	FLIM Technique
	Applications
	Advanced Techniques
	References
	Two-color fluorescent protein-based reporter  for nonsense-mediated mRNA decay
	5 Faculty of Biology of Lomonosov Moscow State University

	3-Laser-текст-15
	1.  E. Sobol, A. Bolshunov, N. Vorobieva, et al., Quantum Electronics, 2002, 32(10), 909-912.
	2.  E. Sobol, O. Baum, A. Bolshunov, et al., Laser Physics, 2006, 16(5), 735-740.

	4-Workspops-Clinical
	/                    /

	5-Workspops-Tumor
	спонсоры-текст
	Реклама_готово
	гранты.pdf
	stanfordComputerOptics
	Seite1

	биовитрум-пр
	novgorod-adv-flim-02-Becker
	COHERENT-LASERTRACK(1)
	Оптек-пр
	Карта и палубы

	авторс-указ-
	обложка-конец

