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“How can the events in space and time
which take place within the spatial
boundary of a living organism be
accounted for by physics and
chemistry ?”

In “What is Life”

Erwin Schrodinger

E. Schrddinger
(1887-1961)
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Fission Yeast (Schizosaccharomyces pombe)
Simplest eukaryote that is familiar to our life
Safe and easy to handle (even for a physical chemist)

Model for higher organisms

Cell division by septum formation

GFP image of mitochondria
in a fission yeast cell

Cycle duration: typically 3 hours

4L L

1 s time-resolution is sufficient

Cell size: 6-20 um X 2 um

<L

0.3 um spatial resolution is sufficient




Raman Spectroscopy of a Really Living Cell
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Y-S Huang, T. Karashima, M. Yamamoto, H. Hamaguchi, J. Raman Spectrosc., 34, 1-3 (2003).



Raman Spectra of Mitochondria (?) and
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The 1602 cm1 band seems to reflect cell metabolic activity
(Raman Spectroscopic Signature of Life ?)
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The 1602 cm1 band seems to reflect cell metabolic activity
(Raman Spectroscopic Signature of Life = Ergosterol)
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Dancing Body in a Vacuole of S. cerevisiae

A black particle that appears in a vacuole
An active dancing body moves around vigorously in a vacuole.
The main component is thought to be polyphosphate.
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Sudden Apperance of a Dancing Body and Subsequent Cell
Death in a Sttarving Budding Yeast Cell
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell

1602 cm-! 1440 cm-! 1160 cm-! 1002 cm-!

The Raman spectroscopic = A
Eliatinrs 6T iTe Phospholipid | Polyphosphate Phenylalanine
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell

1602 cm-! 1440 cm-! 1160 cm-! 1002 cm-!

The Raman spectroscopic = A
Slgiatars 6T iTe Phospholipid | Polyphosphate Phenylalanine

Time
Omin
> Normal
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Structure
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell

1602 cm-! 1440 cm-! 1160 cm-! 1002 cm-!

The Raman spectroscopic = A
Slgiatars 6T iTe Phospholipid | Polyphosphate Phenylalanine

Time
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell

1602 cm-! 1440 cm-! 1160 cm-! 1002 cm-!

The Raman spectroscopic = A
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Time-resolved Raman Imaging of a Death Process in a Single Living
Budding Yeast Cell

1602 cm-! 1440 cm-! 1160 cm-! 1002 cm-!

The Raman spectroscopic = A
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Two Different Types of Mitochondria ?

Cell growth curve
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Raman Spectra of Mitochondria at the Lag Phase
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Raman Spectra of Mitochondria at the Log Phase
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Raman Spectra of Mitochondria at the Lag —Log Phase
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The Latest Version of Raman Microspectrometer at Tokyo:
Measures a living cell Raman spectrum in 1s !!

Sample on a bottom dish

VND filter Interference Objective
filter X100

NA =1.40
Oil immersion

He-Ne laser (632.8 nm)

CCD Camera
= Edge filter

Spectrograph Notch filter




Time- and Space-resolved Raman Spectra with 1 s Exposure
After SVD

Before SVD
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Time-dependent Change of the 1602 cm Band
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Multiplex CARS Spectroscopy

Multiplex CARS to obtain the whole Raman spectrum
simultaneously

B. N. Toleutaev, T. Tahara and H. Hamaguchi, Appl. Phys. B., 59, 369-375 (1994).



Broadband Multiplex CARS Microspectroscopy

Polychro-
mator

CCD
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H. Kano and H. Hamaguchi, Anal. Chem., 79, 8967-8973 (2007).



Vibrational CARS Movies of a Single Budding

Yeast Cell

2930 crr 2850’ 1655 crm’” 1602 crm 1446 crr M&0 e’

wy: 10 mW, w,: 10 mW
Expo. time/pixel: 30 msec

Image acquisition time: ~ 12 sec



Quantifying CARS by

CARS spectra

Imc; spectra by
MEM

Imc,; spectra after
SVD

Raman spectra
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Multi-focus Confocal Raman Microspectrometer

Laser source:
Nd: YVO,
Wavelength: 532 nm

. - Microlens array
500 nm blaze Power: ~2 W

1200 grooves / mm

X 100
NA 1.3
; —— O O O// O .‘K oil immersion

Objective

Spectrograph / Edge filter Plnhole array

Bundle fiber Ve
CCD ¢amera /O O O A

-

I/




Microlens and Pinhole Arrays

Microlens array
pitch 150 um
f147 pm

Pinhole array

f100 um



Multi-focus Scanning

2 um

I [
Microlens array

500 nm blaze

1200 grooves / mm

X 100

- PZT NA 1.3

— | O oil immersion
'X L —Dbjective
Spectrograph é ray
Bundle
CCD camera O /

/

Sample is scanned with PZT stage
2 X 2 mm area

O |

N



Raman Intensity

Lateral and Axial Spatial Resolution

Intensity profile of Raman band @ 1602cm- of
single f 500 nm polystyrene bead

FHWM 570 nm 3 FWHM 1.7 pm

Raman Intensity

lateral
~ 500 nm




Budding yeast cells

1655 cm1

16
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Y /um
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H -
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&
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¢ Laser power : 1 mW

Exposure time: 1 sec

Readout time: ~150 msec

PZT scan 4 x 4 points
2 X2 mm

Total area: 16 x 12 mm

Total image acquisition time
(1 sec+0.2sec)x4x4

~20 sec / Iimage !



Raman and CARS Microspectroscopy at Tokyo

Multifocus Confocal Raman Multiplex CARS
Short-pass filter \gich filter
fiber cou I@ H \
p er 40x, |
Polychro- sarmpie
mafor t
CCD X,
| ' 4T
D Narrow-band pass filter j: 0]

Notch filter

photonic crystal fiber

Ti:sapphijre
laser AAWF

NIR filter

They say Raman is weak and CARS
IS strong. Is this true?




Spontaneous Raman vs CARS

Raman cross section d?s/dWdk vs CARS susceptibility ycagrs

ac’ Nd ‘o

24hw,0,° dQd (0, - o,)

(1_ e—h(a)l—a)z)/kT )

Im y =

N: number density
w,, W,: angular frequency of lasers

*M. D. Levenson, Introduction to Nonlinear Laser Spectroscopy

Raman signal is proportional to d?s/dWdk, N
CARS signal is proportional to y?, N?
Petrov et al. PANS, 104, 7776-7 779 (2007) .

Peslov et al. Opt. Lett. 32, 1725-1727 (2007).
Cui et al. Opt. Lett. 34, 773-775 (2009).




How Weak Is Raman?

beam waist radius

300 nm

1.2 1 <.

Electric field

Objective: x100 NA1.3 oil immersion
Beam waist radius: 300 nm

Sample height: ~1.2 mm (confocal effect)
Laser:

Wavelength 532 nm
Average power 1 mW @ sample




Photon flux at the focal volume'
3.5x10° /3.7x101° = 0.97x10%4

[w/cm ] [/s cm ]

Liquid benzene:
Raman cross-section of 992 cm band at 532 nm

2.2 x10%2° cm4/molecule sr *
*Y. Kato and H. Takuma, J. Chem. Phys. 54(12) 5398 (1971).
Number of Raman photons per cm? per sec:
1.4 x 101/

[/cm S si]

Number of Raman photons per sec:

Focal volume: f 600 nm x 1.2 mm
(300x107 (o) X p X 1.2 X210 (o = 3.4X1013 (3

1 4 X 1017 ] X 34 X 10-13 S = ~48 X 10 [/S SI’]

[/cm S sr [cm ]



Compensation for the Collection Solid Angle

Dipole radiation Radiation in the direction of g
' Radiation intensity « sin?qg dg

NA 1.3
oll (refractive index=1.5) immersion
> q:1/6p~5/6p
f:1/6 p~5/6p

Integration over the volume
collected by the objective

j_dﬂ ¢ sin ad@sin? @ — 23” 33 = 2.7ls]




CCD detection

1count/0.71 e

Miceoscope/Spectrometer throughput

Objective lens

~80 %

Silver mirror x4

95 9% for each

Lens x3 99 % for each
Spectrograph 55 %

Edge filter x2 95 & 90 %
Total ~0.3

Final counts:5.7 x 104 [/s mW]




Comparison with Experiment:
Integrated intensity of 992 cm band

Experiment Theory

4.0x104*[/smw] <> 5.7 x 10%[/s mW]

1

1100 1000 QDQ =00
Raman shift / crm




How Strong Is CARS?

cover glass

' S5 um benzene liquid

cover glass

i~ 600 nm

W, |

Objective: x100 NA1.3 oil immersion
Beam waist radius: 600 nm
Sample height: 5 um

Laser: Pulse width 1 ns; Repetition rate: 33 kHz
w,: 1064 nm, 1 mW @ sample
w,: 1.1 -1.7 mm, 1 mW @ sample



Formulation of CARS Intensity

G. C. Bjorklund, IEEE J. Quant. Electron. QE-11 (6) 297 (1975).

Electric field of CARS signal at r

E(F) =i 0

K, "byE,*E, xexp(ik'z)
CARS H = (l-l— g’ ) i E—&
[ do exp[(ib/ 2) Ak (s'—¢)] exp{— (X2 + yz)} C(k'—ik'e) K

< @A+ig)(K"—ik'e")H bH
confocal parameter: W,: beam waist radius
o _ 27N g2z 1) n: refractive index of the sample
A _ b f: position of focus
wave vectors relations:
k'=2k, -k, k, »: wave vectors of w; and w,
k"= 2k, +k, kears: Wave vectors of signal in medium
AK =Kears —K Ko: Wave vector of signal in vacuum

nomarized z position: e = 2(z-f)/b,z = 2f/b



How Strong is CARS?

cover glass

' o um benzene liquid

» . cover glass

Liquid benzene:
Im %3, = 1.6 X 10-13
*M. D. Levenson, Introduction to Nonlinear Laser spectroscopy
CARS photon: 1.1x108 [/s]
Experiment:
w,: 1064 nm, 0.3 mW @ sample
w,: 0.001 mW/ cm1@ 1190 nm

Experiment Theory
6x105[/smw]  <{—> 5.5x105[/s mW]




Liquid Benzene

N=6.78 x 104! [/cm3]
d?s/dWdk =5.9 x10-3° [cm?/molecule sr *]

Spontaneous Raman CARS

Average 1 mW, 532 nm 1 mW w; and w, 1064 nm

power 5
14 X 10 [phOtonS/S] 1.1X108 [phOtOﬂS/S]

Average 10 mW, 532 nm 10 mW w; and w, 1064 nm

power X
1.4 X 10° 1 consss 1.1x101

[photons/s]




A Model Biological Molecule (Lipids)

N = 1x10%t 3

[l[cm ]

d?s/dWdk =1 x10-32

2
[cm /molecule sr *]

Spontaneous Raman CARS

Average 1 mW, 532 nm 1 mW w; and w, 1064 nm

power
35 [photons/s] 7 [photons/s]

Average 10 mW, 532 nm 10 mW w; and w, 1064 nm

power
350 [photons/s] 7000 [photons/s]




Living Cell Microspectroscopy

CARS iIs much stronger than Raman
for > 10 mW

but

Raman is less weak than CARS
for <1 mW.



Imaging under a Microscope

Wide-field Confocal Scanning




Conventional Wide-field Microscopy

¥

.
x+

Poor axial resolution



Structured lllumination Wide-field
Microscopy

December 15, 1997 / Vol. 22, No. 24 / OPTICS LETTERS 1905

Method of obtaining optical sectioning by using structured
light in a conventional microscope

M. A. A. Neil, R. JuSkaitis, and T. Wilson
Department of Engineering Science, University of Oxford, Parks Hoad, Oxford OX1 3F], UK

Received August 26, 1997

We describe a simple method of obtaining optical sectioning in a conventional wide-field microscope by projecting
a single-spatial-frequency grid pattern onto the object. Images taken at three spatial positions of the grid are
processed in real time to produce optically sectioned images that are substantially similar to those obtained
with confocal microscopes. © 1997 Optical Society of America

Sectioned wide-field image

axial response

Conventional wide-field image

02 -
_ sl diSﬂammr .

Fig. 2. Measured axial responses of the system.




Structured Illlumination Microscopy

¥ Y
Fi
| >< X ><
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i, 4l plan,
Clear structure Blurred structure

at the focal plane off the focal plane



Structured [llumination Microscopy
¥

I:':Lﬂl I-.' I1I.IE

Images of the objects on the focal plane clearly
reflect the structure of the illumination.



Structured illumination microscopy
¥

Images of the objects on the focal plane clearly
reflect the structure of the illumination.



Structured illumination: Reconstruction

Series of images with different grid positions...

¥ ¥

X . X —+
3y g us
Post processing of those y
Images to extract AC
component : :
P ) & High axial

resolution!




SIRM setup Sample <&

| Objective
100X, NA 1.3, Oil

" >Notch Filter

Laser —

532 nm, CW
2W

Acousto-Optical Tunable
Filter (AOTF)



Wide-field Raman images of polystyrene beads
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lllumination pattern
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-2 intensity follows
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Sinusoidal pattern
Spacing: 1 um



SIRM image

Raman image
(10s exposure/frame)

X[ um
-10 0 10

3 um polystyrene beads

_ 10 sec / 1 grid position
186 x 186 pixels 190 sec (total) / image
210 nm pitch Raman shift @ 1000 cm-?



Sectioned image

Oscillating component Constant component
X/ um X/ um
-10 0 10 -10 0 10

Sectioned image Conventional
wide-field image



Lateral Spatial Resolutions

Perpendicular to the grid

F m90 m

20—
o AW \-"-A-:f\’\_/
.2

10 -3 e 5 10

(=]

Int.

x?um

Parallel to the grid

Int.

_]2 EIM[I\; 339 J')m

|
2

v/ ym
In plane spatial resolution close to the
diffraction limit (~250 nm)!



Depth resolution

Z (pm)

Reconstructed conventional wide-field image




Axial Resolution

Depth profile

20
= 15
— 0

5 =

_Af"--"'\

e

V
FWHM: 4 = ¥ um

1 n] =1

Z [ pm

Axial resolution better than that of
confocal Raman microscopes!



Sectioning capability

2X/ Dm 2 4 ZX/ Dm 2 4 ZX/ Elm 2

3D Sectioning!!

N2 Quantitative imaging




Beetles In Talwan







More Reliable and Useful Bio-imaging:

From Univariate to Multivariate
One particular physical guantity is not sufficient

From Imaging to Spectral Imaging
Imaging with well defined molecular signature

From Qualitative to Quantitative
Linear optical phenomenon must be used

From a Single Cell to a Large Number Single Cells



Molecular Component Distribution Imaging (MCDI) of
Living Cells with Multivariate Curve Resolution Analysis

2504

Intensity / a.u
N N N
o o) o
o o o
| | |

C 1
1500 1000

Raman shift / cm” white blood cell

Thorough interpretation of complicated
Page 65 spectra is very difficult.



Multivariate Analysis

Experimental data is approximated by a linear
combination of several “pure” spectral components.

Intensity

lipids

proteins

nucleic
| acid

Raman shift / cm™ .

Page 66 -



Inte nsity

Multivariate Analysis (1)

Matrix factorization by
Singular Value Decomposition (SVD)

A = WSH

- . -1
Ratman shift f cm




Singular Value Decomposition

A =WSH
W S H
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Multivariate Analysis (2)

Multivariate Curve Resolution (MCR)
(Non-negative matrix factorization (NMF)1)

Approximate a non-negative matrix with two non-negative matrix:
A=WH, W H=0

4 n p - N
m Al — m { 'il }
- J S D,
Alternating Least Squares — Frobenius norm ||[A — WH]|? is
minimized
WTWH = WTA

iteratively solved with non-negative constraints

HHTWT = HAT

Compared to other multivariate analysis, such as SVD or PCA, MCR
provides more physically interpretable spectral components.

1. D. D. Lee and H. S. Seung, “Nature 401(6755), 788—791 (1999),



Multivariate Curve Resolution(MCR)

/kls_dﬂem%‘

-~ n S k. - SVD
310
n oA,
— >
n A W SR
10°
\_ _ g 6]+,
g P
/ Initial guess 0 5 10 15 20
2_ .
N Alternating
4 ‘ Least-Squares
) IA — WH]|*
. 6 -

K Random " SVD based / is minimized




MCR Spectra and Spatial Distribution
A=WH, W, H=20

Raman shift / cm™



Multivariate Analysis (3)

MCR with additional constraint

Approximate a non-negative matrix with two non-negative matrix:
A=WH, W,H=0

Additional constraint terms are used for ALS optimization:

(J|A — WH]|? + f(H)) is minimized instead of ||A — WH||?

Sparser solutions

are obtained.
(WTW + [L,,JE)H = WTA n\ |
HHTWT = HAT .

L1 norm regularization:




L1-norm Regularization

(WTW + [L, JE)H = WTA

I I I I I I I I I I 1
0.000 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010

Ly




MCR with L1 Norm Regularization

W A=WH, W,H=0, L,=0.001 H

1500 1000 500

Raman shift / cm ™



Multivariate Analyses:. Comparison

SVD MCR MCR
W,H20,L,=0 W,H=20,L,=0.001

puO

L | T T L
1000 500 1500 1000 500 1500 1000 500

T R
1500




White Blood Cells

Neutrophil

50-70 %

10-12 um

Phagocytosis
- bacteria, fungi

Eosinophil

2-5%

10-12 um

Combating parasites
Modulate allergic
inflammatory responses

Basophil

<1%

12-15 um

release histamine for
inflammatory responses

Lymphocyte

20-40 %

7-8 um

B cells
T cells
NK cells

Monocyte

3-6 %

14-17 um

Differentiate into tissue
resident macrophages




B Neutrophil

Neutrophil
excitation: 632.8 nm

1500 1000 500



P Neutrophil Component (1)

DNA

nucleic acid

1111111111

Neutrophil

excitation: 632.8 nm
Page 78



P Neutrophil Component (2)

Neutrophil
excitation: 632.8 nm



Neutrophil Component (3)

1595
1545
1362

1505

568.2 nm ex.

Myeloperoxidase

T T T ¥ 1 ¥ 1
1600 1500 1400 1300
! Wavenumber / cm-?
. Brogioni, S., et al. J. Raman Spectrosc. (2006).
% _
5 LN L L L L L L L L L
0 i | :
1000

Raman shift / cm_1

Intensity
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> 1600 1500 1400 1300
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Raman shift / cm



P Neutrophil

Y Nuckeic Acids. .
1 !1§00! 1 !1900! I SPO!

- Proteins

R S S I S S T SR R
1500 1000 500
T T T T T |

Neutrophil
excitation: 632.8 nm

1500 1000 500



Intensity / a.u

Intensity / a.u.

Lymphocyte

1500 1000

Raman shift / Gm_1

ey
1

1800

1600 1400 1200 1000 800

B-carotene

-antioxidant
-biomarker of
health condition
(Int. J. of Cancer
74, 20 (1997))



Activated Eosinophll

(Lipopolysaccharide (LPS) / phorbol 12-myristate 13-acetate (PMA))
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MCR Analysis of White Blood Cells
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MCDI of White Blood Cells
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Raman Spectra (276-646 averages) of Laser-trapped E-coli at
Different Time of Growth Curve
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782 cm’

Variation in the Nucleic Acid/Protein Ratios of Single E-coli at
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