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NANOBIOPHOTONICS

Lukas Novotny

e of Optics, University of Rochester, Rochester, NY, 14627.

lication of optical science and technology to
dy of nanoscale biological processes.

University of Rochester



Basic Sciences - - - Optics ... Technical Sciences

anoscience - - - NANO-OPTICS - .- Nanotechnology

I€S IS the study of optical phenomena and techniques
near or beyond the diffraction limit.
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NANO-OPTICS @ ROCHESTER
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Www.nano-optics.org
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OPTICS - BIOMEDICAL ENGINEERING
BUILDING PROJECT

S
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PROTEINS WORKING IN SYNCHRONY

ignaling and coordination are true marvels of nature !
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BIOLOGICAL BUILDING BLOCKS
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lons through highly coordinated and complex interactions
ctures. Biology is Nanobiotechnology !
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STRUCTURE OF NANOBIOPHOTONICS

Y \
BIOLOGY PHOTONICS

Photonics for Biology:

- Bioimaging (Microscopy)
- Spectroscopy

Bioinspired Photonics:
- Photonic Bandgap Materials (— Opal, Butterfly)
- Solar cells (— Photosynthesis)
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THE BIOTECH CYCLE

ADVANCES IN ADVANCES IN
TECHNIQUES < BIOTECHNOLOGY
(microscopy, spectroscopy, .. ) (sensors, materials, .. )

ADVANCES IN
BIOLOGY
(cell signaling, protein folding,

DNA sequencing, .. )

“New Truths become evident when new tools become available™
(Rosalyn Yalow, Nobel Laureate)
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IMAGINE ..

10 light microscopes
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Optics

From DNA to AMINOACIDS to PROTEINS
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HOW TO MEASURE PROTEINS ?

tron micrograph of
1es from the
l.

AFM topographs of purple membrane from
Halobacterium salinarium.

| Basel, Switzerland.

)
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IAL RESOLUTION VS.CHEMICAL INFORMATION

molecular
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lon microsco
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S. Stranick, NIST
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Spatial Resolution
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FLUORES -
CENCE

METAL TIP

FIELD
ENHANCEMENT

LABELED
PROTEINS
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HOW TO MEASURE PROTEINS ?
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NEW GENERATION

’ Tilt |FWD Det |09/24/04

E-Beam| Spot| Mag Tilt |FWD| Det 09/24/04 E-Beam| Spot| Mag
45.0° | 4.832| CDM-E| 14:43.04

15.0kV| 1 |250kX|-14.6°|4.867| CDM-E| 14:23:32 150kV| 1 100 kX
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-FIELD TWO-PHOTON EXCITED FLUORESCENCE
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PHOTOSYNTHETIC MEMBRANE

PRL 82, 4014 (1999).
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NEAR-FIELD RAMAN SCATTERING ?

photon counts [a.u.]

o
@

o
(o]
L a L

o
N

(=)
o

[=]
N
1 "

RBM

G

o

1
500

. T v - - T . - -
1000 1500 2000 2500

Raman shift [cm ']

University of Rochester




Optics

WHY RAMAN SCATTERING ?

C=C stretch
emically specific (“fingerprint”) C-C-C ol
i.p. bend I
. , |
sic properties of molecular ol

res (no need for labels) 2:bbene

600 800 1000 1200 1400 1600 1800

wavenumbers (cm-!)

an be locally enhanced by up to 10'* (SERS).
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LEARN WITH EFFICIENT MOLECULES ..




THE ACTORS

N. Anderson
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NEAR-FIELD RAMAN SCATTERING

Near-field :

Diffraction limited :
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; v = 1594cm-1
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f‘\ 15nm (FWHM)

HIGH-RESOLUTION OPTICAL SPECTROSCOPY
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Featured in 2005 Guinness Book of World Records.
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NEAR-FIELD SIGNAL ENHANCEMENT
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CHEMICAL SPECIFICITY

v=2615cm’!

Raman scattering
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LOCALIZATION OF DEFECTS AND DOPANTS

arc-discharge

130

140 150
Raman shift (cm™)
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JACS (in print)
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SO WHAT ABOUT PROTEINS ??
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DIFFERENT APPROACH
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METAL TIP AS A LOCALIZED PHOTON SOURCE

photon counts (arb. units)

SH (1160)

\

CARS (2x780 - 1160)

PRL 90, 013903 (2003)
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LET'S BE REALISTIC ..
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FLUORESCENT LABELING
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TEXTBOOK (Cambridge Univ. Press)

PRINCIPLES
OF
NANO-OPTICS

Lukas Novotny

The Institute of Optics
University of Rochester, Rochester, New York

Bert Hecht

[nstitute of Physics
University of Basel, Bassl, Switzerland
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FLUORESCENT MOLECULES
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CITATION/DETECTION OF SINGLE MOLECULES
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REDUCING INTERACTION VOLUME
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EXAMPLE

> <

fluorescence rate ~ excitation rate

contrast ~ | wE(X,y;z, )

FIELDS NEAR A STRONGLY
FOCUSED BEAM ?!
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PLANE WAVES

E(x) = Eoeik;z::r —» | E(z,t) = Re {E(l) e—'iwt}

E(;l?,'ll,—?;) = EO e?(kx$+kyy+kz£’) =2 Eoetkr

sy

k?
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Escatl
Z = const.

~ilkzz+ kyy] dx dy E(z,y,2) = // E(l.x ki Z) eilkaz +kyy] g dk,

(V24 k) E([) =0 |
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ANGULAR SPECTRUM REPRESENTATION

E(ks, ky; z) = E(kr, ky; 0) etikaz k; = \/(k2 — k2 — k2) with Im{k,} >0
oo
E(z,y,z) = //E(kx. ky; 0) k== +hyytka2l gp g
—OoC
Plane waves : ¢! (ks +kyy] gFilkz|z k2 + k2 < k?
Evanescent waves : e k== + k] o—lkz|l2], k2 + Ag > k2
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ANGULAR SPECTRUM REPRESENTATION

[
| - X ane waves ky?+ kyz = k2
/\J \/\ \j : kx
evanescent waves
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ARAXIAL APPROXIMATION / GAUSSIAN BEAMS

_ (k2 +k2)
J— » S .2 "2 . ~ R = Y-
= ky[1— (k2 +K2)/k2 ~ k T
_m’2+y’2 2 3
w3l —> E(ky. ki 0) = B, 40 o—(k3+K]) 22

o '™ // —(k24+k2) (42 +42) eilkez +kyy] gp dk,
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RAXIAL APPROXIMATION / GAUSSIAN BEAMS

w __p? . . AR
E(p,2) = E, —2_ ¢ w2 e lkz—n(z)+kp®/2R(2) 2 = kw3
w(z) 2
w(z) = w,(l+ :2/:3)1/2 beam waist
R(z) = z(1+422%/2%) wave front radius
n(z) = arctanz/z, phase correction
E| A
P
= A o
e o st
> P T~ z
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— = — ~ 9?2/\'/\\'0
o 27‘0 >
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HIGHER-ORDER PARAXIAL BEAMS

871 (-.)m

H (0 0 o M
Enm(‘l'? y!"') = W, 81.71 3ym

E(z,y,2)

University of Rochester




FARFIELDS OF THE ANGULAR SPECTRUM

Eoo(sz,8y,8:) = lim / B(k,, ky; 0) etkr e+ oyt 5 sl gp ke,
(k'~’+k2)<k2
_ s =Y Z
S = (Sz, Sy, Sz) (7"7"7)
Method of stationary phase:
L k, k, k.
Sy,S.) = —2miks, E(ks;, ksy; 0 S = (8z,8y,8;) = (TTyT)

A By i
47f2 /L

etk +Ryy'] gof gy

L.L, sin(kz Lz) sm(l. Ly)

w2 kiDL
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ANGULAR SPECTRUM IN TERMS OF
FARFIELD

. i T T
( Ty "y, ) - Q'ITk-z OC'( T 'y)
. = iretkr i[kmm+kyy:}:kzz] 1 1% dk
E(x,vy.z) e o dke dky
(k2+k2)<k'~’ i

For k ~ k: Fourier Optics !!
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REFRACTION AT LENS

h = fsin(6)

a) reference sphere b)
incident ray 57 i E,
’ 7
/ \
. / refracted ray
h= fsinO / dA,
f JAN 2
! f / B .
{
‘ dA, = dA, cos0
i 1 2
\/
Ray Continuity

(energy conservation)

Bl = [E1] /= /22 cos!/29
na \ p1
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EXPRESS IN TERMS OF ANGLES

n, = cos¢n, + singn,,

—singn, + cosgn, ,

n¢

ng = cosfcospn, + cosf sm¢on, — sinfn,

= ksinf cos¢, k, =ksinfsing, k, = kcosd o dkzdky = k sinfdddo

'z

kx

'm axzﬂ'

—ikf
IAfe //E (0, @) etk= cos® gikpsinb cos(é—¢) gin 0 deh db
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DEFINE INCIDENT FIELD

Ez'nc — E-z'.nc. 1, tz = tz = 1

E(0,0) = FEinc(f,0) [cospng — sin ¢ng| \/n1/n2 (0059)1/2

= F;n.(0,0) 5 —(1—cos#)sin 2¢

—

1 (14cosf) — (1—0039)0.0@'201

—2coso sinf

ni
b (cosf)
Uy

1/2

(0,0) mode :

«:
E’inc = Eo e—(ri+y§,)/w§ = EO G‘_f2 s1n 9/w3
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INTEGRATE OVER ¢

2

/ cos ng e =P) dg = 27 (i") J,(x) cos ny
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27
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SOLUTION

(0,0) mode :

ikf

E(p-“f)-»:) = T z—;Eoe_'ikf l

Ioo + Io2 cos 2¢

Iog Sill 2(,9
—2ilp; cos

|

fuw(8)

1

:3in2 8

e fo sin®é@max

3 integrals :

Io1

In2

ik f Ip2 sin 2
ik r
T 97 ns Doe ikf | Ioo — o cos2¢
IR . )
—2iIp1 sing
g'ma,:z:

/fw(g) (COSO)I/QSinO(].-l—COSH) Jo(kpSillg) eikz cos @ Ao

Omax
/fw(G) (cos )1/2 sin 6 Ji(kpsinf) et** <58 qg
0

Omax

/fw(g) (COSO)I/QSing(l_COSO) JQ(’\[)S]I]O) ez’kz cos @ o
0
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FOCAL FIELDS
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'FOCAL FIELDS SAMPLED WITH SINGLE
MOLECULES

- Elongated spot !!
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A-PHAGE DNA LABELED WITH YOYO-1
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WEAKLY FOCUSED BEAMS

kPOmaz

/;rJo(:v) de = 262,

a

Jl (kpgmar)

:O)Z Iyo == k9 s

—ikf Jl(kpema:r)

o 3 fo 2z
E=xikf0; . _E,e Tl

max 0

x

Not Gaussian !
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FOCUSED RADIALLY POLARIZED BEAMS
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numerical aperture

mostly longitudinal fields in focus !
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FOCUSED RADIALLY POLARIZED BEAMS
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FOCUSED RADIALLY POLARIZED BEAMS
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WHAT ABOUT INTERFACE ?

ny

tion with Fresnel reflection / transmission coefficients.
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EXAMPLE: LASER TWEEZERS
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ecules radiate like oscillating dipoles !!
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COUPLING OF EVANESCENT WAVES
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solution = radiation from molecule and its image
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RADIATION PATTERNS

h=A/100 h=A/10

h= 5}»

eed to sample the critical angle !!
i
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DEMONSTRATION WITH SINGLE MOLECULES

- I y I ’ T s I s I ¥
F(C)

f_(d)

0o 2 4 & 8 10 12 14
JOSA B 21, 1210 (2004)
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The Institute of Optics

SUMMARY

BIOPHYSICAL PROCESSES ARE VISUALIZED USING
SINGLE MOLECULES AS PROBES

EXCITATION OF SINGLE MOLECULES

- Angular Spectrum Representation
- Application to Strongly Focused Laser Beams
- Experimental Mapping using Single Molecules as Probe Dipoles

DETECTION OF SINGLE MOLECULES

- Molecule Radiates like Oscillating Dipole
- Interface Perturbs Radiation Pattern
- Collection Optics needs to include Critical Angle

University of Rochester






