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OUTLINE

Intro: overview and significance of advanced microscopic techniques

Nonlienar Laser Scanning Microscopy (NLSM)

how does it work — underlying physics

what it can be used for — information obtained:
- Photon Excitation Fluorescence - TPEF
- Second and Third harmonic generation — SHG & THG
- Scanning principle and image formation

Motivation, state of the art:
- TPEF properties of hemoglobin
- applied for relevant biomed probl.

Results: ﬂ
- label and fixation free imaging @
- hemoglobin features imaging &
erythrocytes morphology

- mapping of residual hemoglobin C ?
in erythrocyte’s empty membranes

(ghOStS) Gradual hypotonic hemolysis
Erythrocytes Ghosts




WHY MISROSOCOPY?
Qualitative (2D, 3D imaging) MICROSCOPIC TECHNIQUES TODAY
- Confocal (Marvin Minsky, 1957) *
- Nonlinear*
- Holographic
- TIRF - Total Internal Reflection
- CARS - Coherent anti-Stokes Raman Scattering*)

Quantittive :
- Fluorescence Correlation Spectroscopy — FCS
- FLIM - Fluorescence Lifetime Measurements
- FRET - Forster Resonance Energy Transfer

Super resolved:
- STED - Stimulated Emission Depletion *
- STORM - Stochastic Optical Reconstruction Microscopy
- PALM — Photo Activated Localization Microscopy
- SIM - Structured lllumination Microscopy * - scanning
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- FLIM - Fluorescence Lifetime Measurements
- FRET - Forster Resonance Energy Transfer

Super resolved:

- STED - Stimulated Fmission Depletion *
- ST| 1953 (physics) | Op 2008 (chemistry) copy 2014 (chemistry)
Frits Zernike  yate Osamu Shimomura, Eric Betzig, William E.
umil Martin Chalfie and Moerner and Stefan W.
Roger Y. Tsien Hell
phase discovery and development of super-
contrast development of the resolved fluorescence
microscopy green fluorescent microscopy
protein, GFP
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SECOND AND THIRD HARMONIC GENERATION

SHG~ noncentrosymetric (oriented) structures

- starch, collagen, myosin, crystalized hemoglobin

THG" refractive index variation

- Various interfaces: nucleus-cytoplasm, cell membrane, organelles
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SECOND AND THIRD HARMONIC GENERATION

information about the sample — detection the light-matter
interaction effects

-(Epi)Fluorescence/Confocal/TPEF microscopy— labeled molecules
and/or endogenous fluorescent molecules

-bright-field microscopy — absorption of the light

-phase contrast microscopy — light (e.m. wave) phase shift
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PRACTICAL CONSEQUENCES OF NONLINEARITY
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PRACTICAL CONSEQUENCES OF NONLINEARITY

1-photon excitation 2-photon excitation
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Nonlinear => Intrinsically confocal
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FROM 2D TO 3D IMAGE
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FROM 2D TO 3D IMAGE

Starch grains imaging - SHG signal
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9& ‘ Why nonlinear laser scanning

~

}_\J\ microscopy (NLSM)?

Because...

v Deep penetration into the sample (~500 um — 1 mm ) ~ intrinsically confocal
v’ High (axial) resolution (~500 nm)

v’ High contrast images

v' 3D images (models)

v" Reduced/No phototoxicity (TPEF/SHG&THG) ~ intrinsically confocal

v" Reduced/No photobleaching (TPEF/SHG&THG) ~ intrinsically confocal

v" No need for sample dyeing (label free technique)

v’ Superior tool for in vivo imging

v’ Excitation of molecules that can’t be excited by one photon (TPEF)

Details in:

- R. Catrriles, D. N. Schafer et al, Rev Sci Inst 80, (2009), 081101

- Barry R. Masters and Peter So, Handbook of Biomedical Nonlinear Optical
Microscopy, Oxford University Press, 2008.
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Why erythrocytes?

- physiological functions
- vascular disorders (sickle cell disease, malaria)

- drug vehicles (prolonged and controlled drug delivery systems)

How to image hemoglobin features (or erythrocytes)?

- phase contrast microscopy (erythrocyte imaging, no chemical selectivity)
- Confocal microscopy, SEM, TEM and AFM (fixation, labeling, coating, slicing etc)
- photoacoustic + confocal (oxygen saturation measurements)

- Intrinsic two photon excitation fluorescence of hemoglobin — Sorret
fluorescence band peaked at 438nm

- Our experiment

- Blood samples - Porcine slaughterhouse blood and human outdated blood
- gradual hypotonic hemolysis followed by 4 rinses
- Cyanmethemoglobin assay — spectrophotometry

- TPEF imaging: Excitation 730nm, dichroic mirror cut off wavelength 700nm,
detection filter 400-700nm
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Why erythrocytes?

- physiological functions

- vascular disorders (sickle cell disease, malaria) Hemoglobin
: : distribution

- drug vehicles (prolonged and controlled drug delivery systems)
Two photon absorption of hemoglobin SHG img of crystalized hemoglobin features
Omar Clay et al, J. Chem. Phys. 126 (2007) thr

Pilot project at

TPEF in hemoglobin i N —
properties and proof of the principle VI

Zheng et al, Biomed Opt Exp 71 (2011) - f = — -
ition measurements)

App. on model organism (Zebra fish) ce o S =
Li et al, Opt Lett 36 (2011) THG img of erythrocytes
Saytashev et al, Biomed Opt Exp 7 (2016)

App. on relevant biomed. problem (sickle cell
disease) ou
Vigil et al, Biomed Opt Exp 6 (2015)
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Erythrocytes

MOTIVATION & STATE OF THE ART

Gradual hypotonic hemolysis

Ghosts

Empty erythrocyte’s membranes (ghosts)
- drug vehicles

After 4 iterations (rinses) still red

Wei Zheng, Dong Li, Yan Zeng, Yi Luo,

Jianan Y. Qu

Two-photon excited hemoglobin fluorescence
Biomed Opt Express 2 (2010)

Strong two photon absorption in red-NIR
Soret (B) fluorescence band in VIS (peak@438nm)
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MOTIVATION & STATE OF THE ART

Wei Zheng, Dong Li, Yan Zeng, Yi Luo,

Jianan Y. Qu

Two-photon excited hemoglobin fluorescence
Biomed Opt Express 2 (2010)

Strong two photon absorption in red-NIR
Soret (B) fluorescence band in VIS (peak@438nm)
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MOTIVATION & STATE OF THE ART

Wei Zheng, Dong Li, Yan Zeng, Yi Luo,

Jianan Y. Qu

Two-photon excited hemoglobin fluorescence
Biomed Opt Express 2 (2010)
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MOTIVATION & STATE OF THE ART

| Wei Zheng, Dong Li, Yan Zeng, Yi Luo,
i Jianan Y. Qu
N\ .+ Two-photon excited hemoglobin fluorescence
@ E ( E | . Biomed Opt Express 2 (2010)
gl ' Strong two photon absorption in red-NIR
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EXPERIMENTAL SETUP




EXPERIMENTAL SETUP

MIRA 900, Coherent Inc.
Ti:Sa Kerr lens mode locked
Pump 10W CW @532nm
160fs pulse duration
2W average power
75MHz repetition rate
30 nJ per pulse

(0.2MW peak power)
700-1000 nm




EXPERIMENTAL SETUP
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EXPERIMENTAL SETUP

Laser intensity regulation:
Variable Neutral Density Filter-VNDF
Motorized, computer controlled
feedback
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EXPERIMENTAL SETUP

Galvo scanning mirrors
Cambridge Technologies
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EXPERIMENTAL SETUP

5x beam expander
home made

Zemax projected
Thorlabs doublets
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EXPERIMENTAL SETUP

Short-pass
§ dichroic mirror
¥ 700nm cut-off
| Thorlabs’ hot mirror
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Tube lens
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EXPERIMENTAL SETUP

Tubelens

‘ “ BN SHG imaging
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FB420-10 Transmission
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EXPERIMENTAL SETUP
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EXPERIMENTAL SETUP

| THG imaging
Yb KGW laser @ 1040nm
UV filter @ 347nm
single photon PMT (Hamamatsu)
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bright filed
- .~ " illumination




EXPERIMEN

Canon EOS 50D DSLR camera
15.1 Mpixels
22.3x14.9 mm CMOS senor

ﬂ ™ . ik’
bright filed
~ % illumination




Human erythrocytes imaging

bright field microscopy image corresponding TPEF image

Digitalized
TPEF signal
intensity



Human erythrocytes imaging

255

3D model of human erythrocytes


humani eritrociti video 1.mpg
humani eritrociti video 1.mpg

Porcine erythrocytes imaging

corresponding TPEF image revealing
localization of hemoglobin in protrusions

255

bright field microscopy image

-TPEF images: 1024x1024 pixels in < 1s D|g|taI!zed
TPEF signal
-Averaging: 30 times intensity

-Lateral resolution = 300nm (Point Spread Function)



Porcine erythrocytes imaging

corresponding TPEF image revealing
localization of hemoglobin in protrusions

255

bright field microscopy image

-TPEF images: 1024x1024 pixels in < 1s D|g|taI!zed
TPEF signal
-Averaging: 30 times intensity

-Lateral resolution = 300nm (Point Spread Function)



IMAGING AT SINGLE CELL LEVEL

.{;f human 2 porcine 0
3
g g Digitalized
: .08 TPEF signal
2 [ intensity
g g
> 20.04
: .
g g
270 s 3°9% 2 4 6

2 4
distance (um)

distance (pm)
TPEF intensity profile along the white lines shown at the images

- Raw TPEF signal; - adjacent point averaging



After gradual hypotonic hemolysis

Cyanmethemoglobin assay — spectrophotometry

After 4 iterations (rinses) Average content of residual hemoglobin
still red Distribution/localization unknown

145.33 151.19

IErythrocytes

I Erythrocyte
ghosts

—_
N
o

60 -

Porcine Porcine Human Human
erythrocytes ghosts erythrocytes ghosts

Concentratlon of Hemoglobin (g/L)



Mapping
residual
hemoglobin
in
erythrocytes
ghosts

(human)
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Mapping
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hemoglobin
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SUMMARY

Label- and fixation- free visualization of hemoglobin @ 730nm excitation
TPEF microscopy is applicable for echinocytes and discocytes morphology
|dentification of different pathological and/or non-pathological conditions

Analysis of spatial distribution (mapping) of hemoglobin in erythrocytes
and erythrocyte ghosts, at individual cell level

Application in material selection in biotechnological processes
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SUMMARY

- Label- and fixation- free visualization of hemoglobin @ 730nm excitation
- TPEF microscopy is applicable for echinocytes and discocytes morphology
- ldentification of different pathological and/or non-pathological conditions

- Analysis of spatial distribution (mapping) of hemoglobin in erythrocytes
and erythrocyte ghosts, at individual cell level

- Application in material selection in biotechnological processes

Gradual hypotonic hemolysis
Erythrocytes Ghosts



SUMMARY

- Label- and fixation- free visualization of hemoglobin @ 730nm excitation
- TPEF microscopy is applicable for echinocytes and discocytes morphology
- ldentification of different pathological and/or non-pathological conditions

- Analysis of spatial distribution (mapping) of hemoglobin in erythrocytes
and erythrocyte ghosts, at individual cell level

- Application in material selection in biotechnological processes
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Katarina Bukara, Svetlana Jovanlc Ivana T. Drvenica, Ana Stanci¢, Vesna lli¢, Mihailo D.
Rabasovi¢, Dejan Panteli¢, Branislav Jelenkovié, Branko Bugarski, Aleksandar J. Krmpot,
"Mapping of hemoglobin in erythrocytes and erythrocyte ghosts using two photon excitation
fluorescence microscopy," J. Biomed. Opt. 22(2), 026003 (2017)



TPEF of chitinous structures

Aedeagus - Pheggomisetes ninae
(cave dwelling insect)

M. D. Rabasovié, D. V. Panteli¢,B. M. Jelenkovi¢,
S. B. Curgi¢, M. S. Rabasovié, M. D. Vrbica, V. M.
Lazovié,B. P. M. Curg&i¢, A.J. Krmpot, J. Biomed.
Opt. 20 016010 (2015)

In vivo imaging of Satyrus ferula
compound eye (omatidia)

Direct laser writing (and cutting)
of chitinous structures

scales)
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TPEF of chitinous structures In vivo imaging of Satyrus ferula
compound eye (omatidia)

Aedeagus - Pheggomisetes ninae
(cave dwelling insect)

Patents (documents security):

Dejan Pantelic, Mihailo Rabasovic, Aleksandar
Krmpot, Vladimir Lazovic, Danica Pavlovic,
Security tag containing a pattern of biological
particles - W02017114570 A1 (2017)

Dejan Pantelic, Mihailo Rabasovic, Aleksandar
Krmpot, Vladimir Lazovic, Danica Pavlovic,
Security device individualized with biological
particles - W02017114569 A1 (2017)

'V
i

Danica Pavlovic, Vladimir Lazovic, Aleksandar
Krmpot, Mihailo Rabasovic, Dejan Pantelic,
Security tag with laser-cut particles of
biological origin - W02017114572 Al
(2017)

M. D. Rabasovié, D. V. Panteli
S. B. Curgi¢, M. S. Rabasovié,
Lazovié,B. P. M. Curgi¢, A. J. |
Opt. 20 016010 (2015)




Label free imaging

(SHG/TPEF) of human
colon

SHG

green —SHG; red autoTPEF

S. Z. Despotovic et al,

Tumor Biology 39 (2017)

THG imaging of
microlenses in soft
media

b

Micro surgery of fungi’s cell wall

Prior to the surgery

e’

[~

—/%

E] Bright field

{ Applied Physics
i

After the surgery

10P Publishing

| A.J. Krmpot et al, J. Phys.
D: Appl. Phys. 46 (2013)

Surgical incision Relised vesicle
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NLSM EXPERIMENTAL SETUP

PMT
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IMAGING AT TISSUE LEVEL — TPEF in entomolgy

Why insects: Pheggomisetes ninae

-NLM is barely used in entomology (taxonomy) Endemic species
_ . habitat: caves of south-east Serbia
-Photonics structures at butterfly wings
-Compound eyes of butterflies (in vivo imaging) (Srecko Curcic, Faculty of biology,
University of Belgrade)

L/ 30:%
.‘.1 473,’-

Chitin — polysaccharide, a derivative

of glucose (CgH,305N),

- the exoskeleton of arthropods

(insects)

- Exhibits strong (single photon)
absorption in blue-UV region =>
auto fluorescence

- Opaque obstacle for confocal

microscopy



PHOTONICS Pheggomisetes ninae - mouthparts

C E N TE R

2D slices

3D reconstruction

40x, NA 0.65
840nm excitation
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Take out outer slices — inner structucture
Deep penetration depth of TPEF microscopy
(chitin — opaque obstacle for confocal microscopy)

Slika26_1.txt.omp

VolView 3.4
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n IMAGING AT TISSUE LEVEL — TPEF in entomolgy

Pheggomisetes ninae
female reproductive organ
Species determination key

PHOTONICS

M. D. Rabasovic¢, D. V. Panteli(::,B. M. Jelenkovi¢, S. B. Curdi¢, M. S. Rabasovié¢, M. D.
Vrbica, V. M. Lazovi¢,B. P. M. Curci¢, A. J. Krmpot, J. Biomed. Opt. 20 016010 (2015)
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Species determination key

PHOTONICS

M. D. Rabasovié, D. V. Panteli¢,B. M. Jelenkovié, S. B. Curé&ié, M. S. Rabasovié, M. D.
Vrbica, V. M. Lazovié,B. P. M. Curgi¢, A.J. Krmpot, J. Biomed. Opt. 20 016010 (2015)




n In vivo IMAGING (TPEF)

PHOTONICS

Lepidopterae (Butterflies and moths)
Omatidiae (Compund eyes )
Satyrus ferula

Habitat: South Europe, Morocco, Asia Minor,
Iran, Kazakhstan, Central Asia, Transbaikal,
West China and the Himalayasuth

Pieris rapae (Small
cabbage white)




n In vivo IMAGING (TPEF)

PHOTONICS Lepidopterae (Butterflies and moths)




NATURAL PHOTONICS STRUCTURES

Lepidopterae (Butterflies and moths)
Wing’s scales
Diachrisia chrysitis
Habitat: Europe, Caucasus, Russian far east, Siberia

PHOTONICS

EEEEEE



n IMAGING AT SINGLE CELL LEVEL

PHOTONICS

Apoptosis of HL 60
cancer cell

-Staining —
acridine orange

-Reduced
photobleaching =>
prolongued
exposition

Collaboration with Medical
school, University of
Belgrade
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n IMAGING AT SINGLE CELL LEVEL

PHOTONICS

EEEEEE Apoptosis of HL 60 cancer cell

-Staining — acridine orange




THG In vivo IMAGING i il

and Laser

Caenorhadbitis Elegans model organism

* micron dimensions, transparent
e well known

e Embryo stadiums: a) bean b)
comma c) 1.5-fold d) 2-fold e) 3-fold




THG In vivo IMAGING e ot Bovroric strucenrs

=1
‘> and Laser

Different stadiums of C.Elegans embriogensis obtained by THG detection

. 3D image
2D Image 7 optical sections
2D image 3D image

5 optical sections

G. Tserevlakis et al, Micron, 2010
Marie Curie Transfer of Knowledge (TOK) Fellowship, NOLIMBA (NOn
Linear Imaging at Microscopic level for Biological Applications) project



and Laser

n IMAGING OF NONBIOLOGICAL STRUCTURES D TH e

- THG imaging and characterization of microlenses

-Soft biomaterial development for micro lenses arrays fabrication
(Tot’"Hema Eosin Sensitized Gelatin — TESG)

- NLM for micro lenses characterization

i Applied Physics
i

Aleksandar J Krmpot et al, J. Phys. D: Appl. Phys. 46 195101 (2013)
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University of Belgrade — advanced microscopic techniques for neurodegenerative
dieses studies

-Prof. Dr. Vladimir Trajkovi¢, Medical faculty, University of Belgrade — Laser induced
autofagy and NLM application in cancer cells death study
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NLM in entomology
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Belgrade— SHG imaging of colagen structures in tissues
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fish imaging
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free imaging of erytrocytes

International
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embryogenesis of nematodes, THG microscopy in microlenses characterization

- Dr. Bojan Resan, Time-Bandwidth Products AG, Zurich, Switzerland
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BUILDING UP THE EXPERIMENT

Objectives (Planachromat):
8 25x NAO0.8

40x NA 1.3 (oil)

100x NA 1.2 (oil)

25x  NA 0.8 (water)
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