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ABSTRACT

The development of high resolution, high speed imaging techniques allows the study of
dynamical processes in biological systems. Optical fluorescence microscopy is an
essential tool for investigations in many disciplines in biology and medicine with
molecular specificity. The resolution of optical far-field microscopy has been limited by
the wave nature of light. In this thesis, a microscopy technique, standing wave total
internal reflection fluorescence (SW-TIRF), has been developed with resolution beyond
the classical diffraction limit. The SW-TIRF approach modifies the point-spread function
to effectively decrease the excitation wavelength by utilizing an evanescent standing
wave, carrying high spatial frequency information near the interface between the
specimen and a high refractive index substrate. Evanescent standing wave illumination is
used to generate a sinusoidal, high-spatial frequency, fringe pattern on the specimen
providing lateral resolution enhancement. Furthermore, the less than 100 nm penetration
depth of the evanescent field from the substrate ensures a thin excitation region resulting
in low background fluorescence. The first experimental realization of SW-TIRF in an
objective-launched geometry demonstrates the potential for super-resolution imaging at
high speed in wide-field microscopy. The super-resolution has been realized with the
effective point-spread function providing better than a fifth of the emission wavelength or
approximately 100 nm, which is better than twice that of conventional microscopy. In
addition, imaging biological specimens with SW-TIRF demonstrated the performance
revealing the fine actin cytoskeleton structures of fibroblasts. On the other hand, the
surface plasmons induced by evanescent fields at a specific angle can generate an
enhanced electric field which can effectively excite fluorophores near a metal coated
surface. We observed a unique doughnut-shaped point-spread function of surface
plasmon coupled emission and explained it with theoretical modeling using vector field
theory. The combination of surface plasmon resonance fluorescence imaging and SW-
TIRF resulted in a novel high-resolution microscopy, the standing wave surface plasmon
resonance fluorescence (SW-SPRF) microscopy. These findings may allow super-
resolution imaging with even higher sensitivity and signal-to-noise ratio at high imaging
speed.
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Title: Professor of Biological Engineering and Mechanical Engineering
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1. Introduction

1.1 Background and motivation

1.1.1 Microscopic image formation

In modern biological research, optical microscopy has provided a tool to observe the
fine structures of samples under investigation. Optical microscopy even allows in vivo
studies revealing the spatiotemporal nature of these living specimens. In particular,
fluorescence microscopy provides molecular specificity by only visualizing
biomolecules to which fluorescent dyes can be selectively bound under dark background.
The widespread use of fluorescence microscopy has been accompanied by the rapid
development of fluorescent labels and the advances in digital imaging that make
quantitative analysis easier (Lichtman and Conchello, 2005). Unless otherwise specified,

our discussion will be limited to the fluorescence microscopy in the following sections.

Far-field microscopic imaging is about measuring light distribution at the image space
emitted from sample after passing through an optical imaging system. When a point
object, substantially smaller than the wavelength of light, is imaged by a microscope, its
image is significantly broader than its original size. The image of this effective point
object is defined as the point spread function (PSF). PSF provides a measure of an
optical system and has an important role in the image formation of a microscope.
Likewise, PSF provides a measure of image resolution. The resolution depends on the
wavelength of light and numerical aperture (NA) which is a number describing the

amount of light that the objective lens can collect from a point source.
In fluorescence microscopy, an image formation can be described as the incoherent

addition of the individual intensity images of fluorescent molecules in the sample. In

other words, images of each fluorescent molecule can simply be added to form a final
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image and this process can be described mathematically as a convolution of the

fluorophore concentration distribution in the sample with the PSF of the optical system.

1.1.2 Limits of conventional microscopic resolution

The quest to image structural and functional biological information using far-field
microscopy at high resolution has been hindered by both the wave nature and particle

nature of light.

The wave nature of light in far-field microscopy leads to the Fraunhofer diffraction.
Emst Abbe (1873) first defined how the diffraction of light determines the image
resolution and this depends on the wavelength and the NA of an objective lens used. The
resolution of a fluorescence microscope can be defined as the minimal distance of two
point objects which can be barely resolved in incoherent imaging. Commonly accepted
Rayleigh criterion of resolution is satisfied when the central maximum of the PSF of one
imaged point object falls within the first minimum of the other which is approximately

equal to the full-width at half-maximum (FWHM) of the PSF (Goodman, 1996).

The particle nature of light poses a fundamental limit in the quantification of the
detected signal due to quantum mechanical nature. Light can be considered as individual
particles or photons. Even in perfect imaging condition and in absence of any other noise
sources except the light signal itself, the measured signal fluctuates due to photon shot
noise. The origin of the photon shot noise lies in the Poisson statistics of photons
arriving at the detector that limits the accuracy of estimating the intensity of a source.
This issue is practically important especially the inherently low light level imaging with

fluorescence microscopes (Yariv, 1991).
Practically obtainable optical resolution is approximately half of the light wavelength

used with oil immersion objectives based on the Abbe theory. A major limitation of

optical imaging is that it cannot resolve objects with separation below several hundred
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nanometers. Image resolution further degrades from this limit when the light level is low
and photon shot noise starts to dominate. Improving spatial resolution beyond the
diffraction limit is crucial for distinguishing fine details of samples in many life science

applications and is the main subject of this thesis.

1.1.3 Review of super-resolution microscopy

Today electron microscopy can image biomedical specimens on the nanometer scale by
utilizing the short wavelength of the electron matter wave. Though electron microscopy
is a powerful high-resolution imaging tool, it suffers from being restricted to fixed
specimen and the study of dynamic processes in a living biological sample is difficult
(Koster and Klumperman, 2003). Further, the wide array of spectrally distinct
fluorescent probes allows more specific biological information to be obtained in light
microscopy. The other approach to enhance resolution is to use scanning probe
microscopes such as scanning tunneling microscopy (STM), atomic force microscopy
(AFM) and near-field scanning optical microscopy (NSOM or SNOM) (Betzig et al.,
1991; Binnig et al., 1986; Binnig and Rohrer, 1986). While these techniques can achieve
atomic resolution in solid-state samples, there is significant resolution degradation in soft
biological specimens allowing resolution in the range of 50 — 100 nm (Betzig and
Trautman, 1992). Furthermore, these scanning probe methods suffer from slow scanning
speed on the order of minute per typical image and are limited to image upper surface of

samples.

Given these limitations, there is a need to develop a completely optical imaging method
with better than 100 nm resolution by utilizing its non-destructiveness, low cost, easy of
use fluorescent labels with molecular specificity. The challenge of achieving super-
resolution in optical microscopy beyond the diffraction limit has only been overcome in
practice during the last couple of decades. In particular, extending lateral or transverse
resolution has been exemplified with several techniques such as stimulated emission

depletion (STED) microscopy, saturated structured illumination microscopy
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(SSIM),solid immersion lens (SIL) microscopy, and structured illumination

microscopy (SIM).

STED has achieved the highest far-field optical resolution reaching tens of nanometers
using nonlinear photon-induced saturation depletion of the excited state in the outer
regions of the excitation PSF. However, this technique suffers from relatively slow speed
due to the point scanning nature (Hell and Wichmann, 1994; Westphal and Hell, 2005;
Westphal et al., 2003). Furthermore, the need for efficient stimulated emission without
causing saturation severely limits the number of suitable fluorophores. SSIM is almost
an inverse version of STED using wide-field mode providing comparable super-
resolution to STED. However, photobleaching in SSIM is a challenge in practice for
biological specimens due to photodamage (Gustafsson, 2005). SIL microscopy takes
advantage of high refractive index material replacing immersion oil, utilizing the
evanescence field of SIL for near-field imaging, which also requires scanning (Mansfield
and Kino, 1990). In contrast to these scanning methods except SSIM, the idea of SIM
using wide-field detection has been proposed and has been implemented in different
formats (Frohn et al., 2000; Gustafsson, 2000). This wide field detection allows faster
data acquisition by encoding either diffraction grating illumination or standing wave
illumination. This carries high frequency patterned illumination onto specimen providing
up to a factor of 2 lateral resolution enhancements (Fedosseev et al., 2005; Frohn et al.,
2000; Gustafsson, 2000). To decode the high frequency information, several images
need to be taken with proper phase shift and general lateral resolution enhancement

requires multiple rotations of this pattern.

1.1.4 Review of total internal reflection fluorescence microscopy

Total internal reflection fluorescence (TIRF) microscopy recently has emerged as the
method of choice to probe cellular processes near the basal plasma membrane of adherent

cells due to its unique capability of illuminating a very thin region on the order of 100 nm

(Axelrod, 1981, 2001). The evanescent wave intensity decays exponentially from the
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interface and this near-field excitation volume allows intrinsic optical sectioning to less
than one-fifth of the excitation wavelength. The selective excitation of TIRF removes the
out-of-focus noise, reduces photobleaching of fluorophores outside the focal plan, and is
thus ideal for single molecule imaging (Tokunaga et al., 1997; Webb et al., 2006). On
the other hand, TIRF doesn’t allow deeper imaging into the interior of cells and the

lateral resolution of TIRF remains the same as standard wide-field imaging.

1.1.5 Standing wave total internal reflection fluorescence microscopy

Even higher lateral resolution in wide-field mode can be achieved by combination of
standing wave illumination and TIRF microscopy (Cragg and So, 2000; So et al., 2001).
The standing wave total internal reflection fluorescence (SW-TIRF) microscopy is
based on the generation of evanescent standing wave in TIRF geometry. In TIRF
microscopy, evanescent waves are formed at the interface between the bottom surface of
the specimen and its high refractive index substrate. Structured illumination can be
formed by interfering two counter-propagating evanescence waves. In this approach, the
excitation standing evanescent wave has an effective wavelength shorter than the free
space excitation light by a factor of approximately 2 nwhere » is the index refraction of
the high refractive index substrate. The factor of 2 comes from the standing wave nature
of the evanescent wave. The factor of » results from the fact that the evanescent wave
has wavelength equal to that of the light in the high index medium which is equal to
A/n . In other words, the enhanced lateral resolution is possible since evanescent
standing waves keep the standing wave spacing narrower than non-evanescent mode due
to additional higher refractive index of a substrate. Since the standing wave modulation
is inherently sinusoidal, to reconstruct the high resolution in the direction of the standing
wave, a minimum of three images scan at different phase of the standing wave is required.
The phase shift is in principle fast, and thus SW-TIRF doesn’t necessarily increase the

total image acquisition time compared to conventional wide-field imaging.
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The lateral resolution of SW-TIRF mostly depends on the evanescent standing wave
fringe period rather than the emission wavelength, which is proportional to the excitation
wavelength in the substrate. As is the same with other high-resolution technique based
on interference, there exists side-band artifact (Hell and Stelzer, 1992). This artifact can
be easily removed by linear deconvolution provided that the emission PSF is narrow
enough to keep the side-band lower than 30% during post image processing (Hanninen et
al., 1995). Thus SW-TIRF technique effectively enhances the resolution even more than
those of typical SIM methods.

1.2 Objectives

This dissertation describes the development of apparatus and methods to provide wide-
field super-resolution imaging technique by the use of standing evanescent waves. In
particular, SW-TIRF microscopy demonstrates the first time resolution enhancement of
more than twice than that of traditional wide-field microscopy achieving lateral

resolution of less than one fifth of the emission wavelength.

Several aims will be pursued in this thesis. First, the general formulation of the one-
dimensional and two-dimensional SW-TIRF will be derived including different
polarization modes analytically and numerically. Second, the implementation and the
characterization of SW-TIRF microscopy apparatus will be discussed with experimental
design and standing wave phase control. Third, we will demonstrate the first proof of
principle of extended resolution with SW-TIRF and measurements with biological
specimen. Finally, new contrast mechanisms using the standing wave total internal
reflection will be explored based on surface plasmon resonance effect on the fluorescence

emission.
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2. Theory of Standing wave total internal reflection fluorescence (SW-TIRF)

microscopy

2.1 Introduction

In this chapter, we will describe an algorithm that allows SW-TIRF in one-dimension
using a point-spread function (PSF) engineering approach and two-dimension by
averaging the effective PSF in each direction. Experimentally translatable excitation
light containing super-diffraction-limited spatial frequency components enables us to
build the algorithm resulting in lateral resolution enhancement. In addition, the nature of
standing evanescent wave will be investigated with S-polarization and P-polarization

incident plane waves.

2.2 Image formation in SW-TIRF microscopy

2.2.1 Derivation of SW-TIRF point spread function

The image formation process in fluorescence microscopy can be described

mathematically. Let O(¥) be the distribution of fluorescent object at position 7. Let
E(F) be the intensity distribution of excitation light. If P(¥) is the emission point-

spread function (PSF), the image intensity of a fluorescent microscopy can be expressed
as the convolution of the emitted light from the object modulated by the excitation with

the conventional PSF:

I(F) = [O(F)E(F)]® P(¥). 2-1)

The emission PSF based on the Fraunhofer approximation can be described as
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2J, (27zNA|F|/ - )I (2-2)

P(F)=
) { 27 NAF|/ A,
where J, is the first-order Bessel function. N4 is the numerical aperture of the objective.

This intensity distribution is referred to as the Airy pattern which is the Fraunhofer

diffraction pattern of a circular aperture (Goodman, 1996).

If E() is uniform, this representation corresponds to wide-field fluorescence
microscopy imaging. Here, the excitation intensity E(7) is assumed to have two
properties. First, E(#) is translatable or its placement on the object plane can be
experimentally controlled. Second, E(F) carries higher spatial frequency components

than the PSF which is realizable by use of evanescent standing wave.

With the first assumption, equation (2-1) can be written more generally as
I(F;r)=[O(F)EF -F)]® P(F), (2-3)

where 7' is a position vector on the object plane that measures the translation of the

excitation light profile relative to an arbitrary origin.

Let us restrict our discussion to one-dimensional geometry for now. Replacing the

position vectors 7 and 7' tox and x' respectively, we can re-write the equation (2-3) as

I(x;x")=[O(x)E(x—x")]® P(x). (2-4)

If we define a composite image /'(x) as a weighted sum of images recorded at a set of

translational shift vectors {x'},

I'x) =Y f(xx)(xx), (2-5)

{x

19



where f(x,x") is an arbitrary weighting function. /(x;x') is an intermediate image.

Expanding the convolution integral in equation (2-4) explicitly,
I(x;x") = E O(x"E(x"-x"YP(x—x")ydx", (2-6)

and exchanging the order of the integral and the summation in equation (2-6), one obtains

I'm=[ o@ ")[Z F(x,x")E(x "—x')] P(x—x"dx". Q-7

{x7}

If {x'} and f(x,x") satisfies the following equation:

D S x)E(x"-x") = E(x—x"), (2-8)

{x)
the equation (2-7) can be expressed as
1'(x)=O0(x)®[E(x)P(x)]. 2-9)

The resultant image /'(x) is the convolution of the fluorophore concentration distribution
in the object O(x) with an effective PSF, E(x)P(x), which is the multiplication of the
conventional PSF P(x) and the structured excitation intensity £(x). This excitation,

which carries the high spatial frequency component of structured illumination, has been
transferred into the PSF to generate an effective PSF. From the second assumption about
the excitation field, this effective PSF contains high spatial frequency components which

originate from E(x). As a result, the composite image can have higher resolution than
the intermediate images if we properly find a set of shift vectors {x'} and a weighting
function f(x,x") that satisfies the equation (2-8). The algorithm can be implemented
based on Fourier decomposition of f(x,x") and the derivation is detailed in the literature

(So et al., 2001).
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The excitation intensity profile from evanescent standing wave above the surface of a

high refractive index substrate can be approximately described as
E(x)=1+a-cos(4znsinf-x/ 1) , (2-10)

where « is the contrast of the standing wave, # is the refractive index of a substrate, @ is
the incidence angle of the excitation beam at the interface, and 4 is the vacuum excitation
wavelength. This formulation gives lateral resolution enhancement in the direction of the
standing wave. The extension of this one-dimensional (1D) SW-TIRF theory to uniform
lateral resolution enhancement can be achieved by superimposing the finite number of

rotational SW-TIRF images (Chung et al., 2006; Cragg and So, 2000).

We can extend the formulation of one-dimensional SW-TIRF theory to achieve uniform
resolution enhancement laterally by making the effective PSF axially symmetric. If the

direction of the standing evanescent wave excitation is rotated by an angle ¢ from x axis,

each intermediate image in 2D can be written as
I'(7,9) =O(F)B[E(F,p)P(r)], (2-11)
where the PSF of the imaging optics P(r) is axially symmetric by nature. The enhanced

final image will have no directional preference if intermediate images from different

rotational angle ¢ are averaged:

') =% [[1'¢.p)do=07® [P(r) % [ EF, ¢)d¢]

=O0(F)®[P(r)- E'(F)]. (2-12)
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Let the position vector be ¥ = rcos i +rsinfj and the wave vector of the excitation
wave be k = kcos@i +ksingj. The constant phase location of the standing wave can

be expressed as ¥ k= kr cos(8 — @) . This yields an effective excitation of
E\7) == [ E(hrcos@)dy @-13)
” 0

where 6 is eliminated from rotational symmetry. In practice, we can use finite numbers

of the general polar angle in N equi-angular directions between [0, 7] resulting in the

excitation intensity as

N-1 .
E'() =-]1\7 E'(krcos%]. (2-14)

i=0

2.2.2 SW-TIRF image reconstruction

Since the standing wave modulation is inherently sinusoidal, to reconstruct the high
resolution in the direction of the standing wave, a minimum three image obtained at
different phase of the standing wave is required. To generate a 1D SW-TIRF image,
three wide-field images are required to be taken while each phase of the interfering
standing wave excitation is changed by 120° with the specimen remained stationary. The
phase difference of 120" is chosen to provide the highest signal-to-noise ratio (So et al.,
2001). The superposition of the appropriately weighted images gives a high-resolution
image in the standing wave direction. A simplified pictorial algorithm is depicted in Fig.
2.1. The standing wave in vertical direction is exciting sub-diffraction-limit fluorescent
beads. The phase of standing wave are set at 0, 120, and 240 degrees in each (a, al), (b,
bl) and (c, cl). (a-c) shows the intermediate images on the CCD camera and (al-cl) is
the processed image after being multiplied by corresponding weighting functions

containing the underlined standing wave information. The summation of these (al-cl)
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images gives a 1D SW-TIRF image with enhanced resolution in the vertical direction.
(d) shows the original TIRF image for comparison. This can also be obtained by the
summation of (a-c). For two-dimensional SW-TIRF, finite N equi-polar angles are
chosen and corresponding 1D SW-TIRF images are superposed to generate one final
enhanced image. This requires the total number of 3N wide-field images. In this thesis,

we used two-directional averaging for demonstration of 2D SW-TIRF.

(a) — (a1) (d) s e

xf(xx) 3 '
=) .
X, X == = /

I'(x)=Y f(x,x)(x,x"

{x}

Fig. 2.1 The pictorial algorithm to generate a one-directional SW-TIRF image from three
intermediate images with different standing evanescent wave phases. (a-c): intermediate
images, (al-cl): intermediate images multiplied by corresponding weighting functions,
(d) original TIRF image, and (e) 1D SW-TIRF image.
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2.2.3 Numerical simulation of SW-TIRF point spread function

As mentioned in 2.2.1, general léteral resolution enhancement can be obtained by
superposition of the enhanced images in several directions. To determine how many
directional images are required to get axially symmetric PSF in a practical sense,
numerical simulation has been performed using a Matlab program (The MathWorks,

Natick, MA) and the simulated effective PSF is described in Fig. 2.2.

For N number of directional scan, uniform angular separation was used and only the
profiles of the thinnest PSF FWHM and the thickest PSF FWHM direction were
presented since all the other directional profiles lies between these two. Fig. 2.2 (A)
shows the shape of lateral PSFs with corresponding contour plots for N =0, 1, 2, 3, 4 and
5. For N = 0, the PSF is the same as conventional TIRF or wide-field PSF. For N = 1,
the thinnest PSF FWHM in the direction of standing wave propagation is achieved
resulting in about 230% narrower PSF in the standing wave direction while the PSF
FWHM in the perpendicular direction remains the same as the conventional TIRF (or N =
0 case). For N = 2, the difference of PSF FWHM in the thinnest and the thickest
directions is less than 10%, and thus can be regarded as reasonably isotropic. Also it is

noticeable that the two directional PSF profiles virtually converge as N increases.

Fig. 2.3 shows the shapes of lateral modulation transfer functions (MTFs) which are the
absolute values of the Fourier transform of corresponding PSFs. As is notable in N = 1
case, the spatial frequency domain coverage is larger in the direction of thinnest direction
compared to the thickest direction. This Fourier domain view provides complementary
information to the space domain view. Though N =3 or 4 would be better in terms of the
isotropic shape of PSF, the two-directional SW-TIRF will be used for the experimental
demonstration since using more directions will lengthen the total exposure time and
compromise fast speed imaging. Future implementations of SW-TIRF will address this

limitation.

24



In these simulations, the PSF FWHM of TIRF (without standing wave) is chosen to be
199 nm calculated using the nominal 1.45 numerical aperture of an Olympus objective.
In the actual measurements, the measured PSF FWHM for the objective was about 260
nm which corresponds to that of NA 1.1 from numerical simulation using the ideal Airy
pattern based on Fraunhofer diffraction theory. Similar results were observed in

literatures (Frohn et al., 2000; Neil et al., 1997) and will be discussed in Chapter 4.

A: = N=0 * = N=1 = N=2 Y : N=3 : N=4
..:i\ =
B 1empsrmhumm 1m-psrmhmmmm
;' - N=0 (199 nm) : + N=0 (199 nm)
08f %% o [~—N=1(87nm) | Zogl |\ . . . .|——N=1(189 nm)
% —~N=2(111nm)| = —=—N=2 (122 nm)
0.6l ,f.‘.j | ——N=3 (115 nM) gne A ——N=3 (117 nm) |
. ——N=4 (116 nm) ——N=4 (117 nm)
%.‘ B ——N=§ (116 nm) Eo.‘, ......... <A —— N=§ (117 nm)}
2 * : NA-1.45 2 NA-1.45
0 : : 0 i e
0 100 200 300 400 0 100 200 300 400
r(nm) r{nm)

Fig. 2.2 (A) Effective PSF simulation of two-dimensional SW-TIRF for directions N = 0,
1,2,3,4and 5. N = 0 corresponds to the conventional TIRF. Anisotropy of PSF
decreases as N increases. (N: number of scan directions), (B) Comparison of the PSF
profile in the thinnest and the thickest direction. All other cross sectional profiles lie
between these two profiles for corresponding N. Simulation condition: numerical
aperture (NA) =145, a=1.0, 4,_=532nm, 4,,= 560 nm, n=1.52, @ 67° (or

mudmce
fringe period = 190nm).
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Fig. 2.3 (A) Effective MTF simulation of two-dimensional SW-TIRF for directions N = 0
1,2,3,4and 5. N = 0 corresponds to the conventional TIRF. Anisotropy of MTF
decreases as N increases, (B) Comparison of the MTF profile in the thinnest and the
thickest direction of PSFs. The same simulation condition as in Fig. 2.2.
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2.3 Polarization effect on standing wave excitation

In the previous sections, the nature of standing wave (SW) excitation was described in
detail. When two plane waves meet forming a standing wave, there are basically two
configurations of interest. One is P-polarization (P-pol) when the electric vector is in
the plane of incidence which is formed by the incidence and reflected rays, and the other
is S-polarization (S-pol) when the electric vector is perpendicular to the plane of
incidence. In this section, the mathematical expression of standing wave excitations for
S-pol and P-pol is derived in non-TIR and TIR geometry. Though most of the SW-TIRF
experiments were performed under S-pol conditions, P-pol is of particular interest when
the surface plasmon resonance effect is considered. Since we are also developing
standing-wave surface plasmon resonance fluorescence (SW-SPRF) microscopy based on
a similar principle to the one in SW-TIRF, the' mathematical description can help

understand and implement SW-SPRF microscopy, to be introduced in Chapter 5.

2.3.1 Polarization effect on standing wave excitation

(a) Z (b) z
S — pol SW P - pol SW

!

P2

Fig. 2.4 Schematic illustration of the standing wave excitation from two electromagnetic
plane waves with oblique incidence angle: (a) S-polarization and (b) P- polarization (the
plane wave fronts are not illustrated in the diagram.).
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Consider two plane waves crossing at equal incidence angles 8 from opposite sides.
Only the case of either S-pol or P-pol is considered. The geometry is depicted in Fig. 2.4

for further mathematical derivation.

In S-pol geometry, the two plane waves in Fig. 2.4 (a) can be described as

Eg (x,z)=JE,exp(ksin@-x+kcosf-z+4,)

Eg, (x,z)=JE,exp(~ksin@-x+kcos@-z+4,), (2.15)
where E,is the amplitude of each incident plane wave and assumed to be the same in
both. The wave vector is k = 27zn/ A, where n is the refractive index of the media, 8 is
the incidence angle and A, is the wavelength of the excitation light. The phase of each

wave is ¢ and ¢,. Since the temporal dependence is irrelevant in terms of average

intensity, it is neglected here. The average intensity for S-pol SW can be calculated as
|Bg + B[ =2E,[1+1-cos(2ksin6-x+Ag)], (2.16)

where Ag =g, —¢,. Interestingly, the final standing wave intensity distribution doesn’t

depend on the z axis and the combined phase is the difference between the incoming

waves. In addition, the contrast of the standing wave is always 100%.

In P-pol geometry, the two plane waves in Fig. 2.4 (a) can be described as

E, (x,z)=%E,cosf-exp(ksin@ x+kcosh-z+4)

+2E,sin@:-exp(-ksin@-x+kcosf-z+4) 4

E,,(x,z)=%E,cos@-exp(—ksin@-x+kcosf-z+4,)

2.17)
—ZE,sin@-exp(ksinf-x+kcosf-z+4,)
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The average intensity distribution for P-pol SW is
- - 12 2 R
|Eyy +Eyy| =2E,[1+c0526-cos(2ksin6-x + Ag) . (2.18)

This result is very similar to that of the S-pol case except that the contrast is not 100% but
dependent on the incidence angle. Only when the incidence angle is near zero or near 90°
does the contrast go to unity. On the contrary, the contrast vanishes when the incidence

angle is 45°, the case when the polarizations of two beams are perpendicular.

2.3.2 Polarization effect on evanescent standing wave excitation

In this section, the electric field in the TIR geometry is investigated. From the boundary
conditions of Maxwell’s equation, the Snell’s law holds as below for the propagating

light waves between a medium 1 and 2:
n sinf, =n,siné,, (2.19)

where 7, is the refractive index of medium 1 and #, is that of medium 2. 6, andé, are the
incidence and the refracted angle from the z axis. Let’s consider the case of n, >n,.
Then, there exists the critical angle of 6, =sin™ (n,/n). Even when the incidence

angle is larger than the critical angle (6,>6,,), the Snell’s law holds and the angle of

refraction can be written as

sing, = (-nl)sinel 2 %sin@

n,

2 .
cosd, = i\/ (ﬂ) sin® 6, -1 éé\/sinz 6-p*, (2.20)

n,
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where the refractive angle 6, can be expressed with the incidence angle € and the

refractive index ratio B £ n,/n, =sin@, (Born et al., 1999).

The electric field amplitude of the refracted light can be described by the Fresnel

equations. The amplitude transmission coefficients for S-pol and P-pol are

2n, cos 6,

S1

Ty, =
n, cosb, +n, cos b,
(2.21)
2n, cosb,

Tpy =
n, cos@, +n, cos6,

Pl
With super-critical incidence angle i.e. sind > f, the above equation can be expressed

with the incidence angle and the refractive index ratio:

2cosd
7:92 = Ew

cos@+iysin’ 8->

(2.22)

2B cosf

T, =—
" ﬂzcos¢9+i\/sin26’—ﬂ2

Pl

From now on, the electric field amplitude of the incident light will be assumed to be unity

for simplicity.
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Fig. 2.5 Schematic illustration of the electromagnetic wave totally-internally-reflecting at
an interface with supercritical incidence angle: (a) S-polarization and (b) P- polarization

Assuming the entering beam is infinitely wide or a plane wave, the intensity of the
evanescent wave in the lower refractive index medium exponentially decays with

perpendicular distance z from the interface as
1(z)=1(0)exp(-74), (2.23)

where the penetration depth is defined with the vacuum wavelength A, :

A
= : 2.24
47rn+Jsin’ 6 — B2 e

This penetration depth is usually less than 100 nm and thus allows a very shallow
excitation optical slice with low background in TIRF microscopy. The above relation

holds for both S-pol and P-pol cases, and the geometry is illustrated in Fig. 2.5.
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For S-pol incident light, the evanescent electric field vector direction remains purely

normal to the plane of incidence:

Eg, (7:0) =yt (0)exp(ik sinﬁ‘x)exp(-%a) ! (2.25)

where
2cos@

1,(0)= exp(—igy),
\/_
o =tan“[—-———M), 2.27)

(2.26)

cos@

and the wave vector is k, =27n, /4. Here the temporal dependence is neglected since it

doesn’t affect the final average intensity distribution.

Fig. 2.6 Schematic illustration of the standing evanescent wave excitation from two
electromagnetic plane waves with supercritical incidence angle: (a) S-polarization and (b)
P- polarization
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The standing evanescent wave with S-pol, described in Fig. 2.6 (a), can be written as

follows:

Eg, swmr = Esz (F;H) + Esz (F; _0) _
=y1.(6) exp(—%é.)[exp(ik, sin@-x)+exp(—ik, sing- x)] . (2.28)
2%

t, (t9)exp(—%é.)cos(kI siné - x)

The intensity distribution is

- 2
Isz,sw-nk = IESZ,SW—TIRI

2 . (2.29)
=2lt,(9)| exp(—%.)[l +1-cos(2k, sin6-x)|

It is notable that the resultant interference fringe has always the contrast of 100% from S-
pol SW-TIR case. In addition, the fringe spacing does not depend on the lower refractive

index as long as the TIR condition holds.

For P-pol incident light, the evanescent electric field vector direction remains to be in the

plane of incidence:

E,,(;0)=t,(8)exp(ik sinb-x) exp(—%é)[—b?\/sin2 0— > +Zsin 0} ,
(2.30)
where

2cosfd

exp(—ip, (2.31)
VB cos? 6 +sin® 0 — B2 (ior)

Ip (6)'_‘

o, =tan™ (\/Sinze—ﬂz \] 2.32)

B cos6
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Interestingly, the evanescent electric field vector is rotating in the plane of incidence with
nonzero longitudinal components (Axelrod, 2003). Since the x and z component are
different in the evanescent field, the electric field is elliptically polarized and ‘cartwheel’
along the x direction. The ratio of z-component to x- component is usually greater than
unity and the z-component dominates if the incidence angle goes close to the critical

angle.

The standing evanescent wave with P-pol, described in Fig. 2.6(b), can be written as

follows:

El’z, SW-TIR = Epz (F;H) + Epz (F;—H)
=21,(6) exp(—%é)[ii sin@sin(k sind-x)+ iéMcos(kl Sing.x)] :

(2.33)

The corresponding intensity distribution is

- 2
1 P2,SW-TIR = ’EI’Z,SW—HRI

=2[t, (6)[ exp(- %)(isinz 0- /32)[1 —(Tﬁ%?ﬂ—z]-cos@kl sine-x)]

(2.34)

In comparison with the case of S-pol, the intensity distribution in P-pol forms similar

standing wave in x-direction except the contrast of S / (2 sin’ @ - B* ) which varies with

the incidence angle and the refractive index ratio.

To understand this contrast, it was simulated with several refractive indices and incidence
angles in Fig. 2.7. The medium 2 was chosen among air (n = 1.0), water (n = 1.33), and
cellular cytoplasm (n ~ 1.38). The medium 1 was chosen as typical coverslip glass (n =
1.515) for NA 1.45 objective and high refractive index coverslip glass (n = 1.78) for NA
1.65 objective.
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P-polarization SW-TIRF contrast
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Fig. 2.7 The contrast of P-polarization evanescent standing waves: (Top) medium 1 as a
typical BK7 coverslip glass (n = 1.515) and (Bottom) medium 1 as a high refractive index
coverslip glass (n = 1.78). Three different medium 2 was calculated among air (n = 1.0),
water (n = 1.33) and cellular cytoplasm (n ~ 1.38). -

335



Since our system allows maximum incidence angle of 73° for NA 1.45 objective and 68"
for NA 1.65 objective, respectively. NA 1.45 case is preferable to achieve contrast more

than 75% while keeping high incidence angle to generate finer interference fringes.

The distribution of the evanescent field intensity for both S-pol and P-pol was simulated
in Fig. 2.8. The exponential decaying nature of intensity distribution is common for both
S-pol and P-pol as shown in Fig. 2.8 (c) and (d). While the contrast is constant of 100%
for S-pol, it varies for P-pol as a function of the angle of incidence and refractive index
ratio. The contrasts for S-pol and P;pol in the simulation were calculated as 1.0 and 0.77,
respectively. This result suggests that P-pol SW-TIR is also feasible. However, this
simulation is in contrary to one lithography literature and needs to be further confirmed

experimentally (Ohdaira et al., 2006).
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S-pol SW-TIR intesity distribution
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Fig. 2.8 SW-TIR intensity distribution for S-polarization (a, ¢) and P-polarization (b, d):
x axis is normalized to one period of the evanescent standing wave (4, /27 siné ) and z

axis is normalized to the penetration depth. Simulation condition: 4; =532 nm, @ = 73",
n, = 1.52 (standard glass) and n, = 1.33 (water).
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2.4 Conclusions

In this chapter, the general theory of SW-TIRF microscopy is derived based on the PSF
engineering approach. Originally one-dimensional SW-TIRF theory was extended to
two-dimensional theory for general lateral resolution enhancement supported by
numerical simulation. The modulations of sub-diffraction-limited fine standing wave
fringes onto the specimen enabled the reconstruction of a high-resolution image by
allowing the high spatial frequency information which bypasses the optical imaging
system, which is basically a low pass filter. In addition, the general theoretical
investigation of the polarization effect on the standing wave excitation revealed even P-
polarized beams can form a standing wave with varying degree of contrast which can be

utilized for some imaging mode using standing wave modulation.

In principle, the emission PSF plays a relatively minor role in setting the ultimate
resolution limits. Instead, it is mostly limited by how small the structured excitation
could be generated. If non-linear excitation is incorporated, even further resolution could
be achieved. (Gustafsson, 2005), (Sb et al., 2001). Without incorporating any nonlinear
optical technique, the PSF FWHM could have reached down to about 90nm with current
setting. However, the Gaussian laser beam needs a little margin to generate uniform
standing wave overlapping field on to the field of view. Further resolution of 69 nm

could be achieved if currently available NA 1.65 objective with 457nm excitation is used.
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3. Instrument Development for Standing Wave Total Internal Reflection

Fluorescence Microscopy

3.1 General considerations

To develop the SW-TIRF apparatus, one essential requirement is to generate a standing
wave in total internal reflection (TIR) geometry. A standing wave can be generated
with two counter-propagating beams or generated by an incident beam and its retro-
reflection. In general, we found that standing waves generated by two counter-
propagating beam with symmetric geometry is superior since the contrast can be
degraded if the two interfering beams have different intensity and that happens in the
non-symmetric configuration due to propagation loss of the excitation light. For TIR
generation, the incident excitation beam should have a supercritical angle of incidence
when it enters the interface of the high refractive index media, usually a coverslip, and
low refractive index media, usually a sample containing medium. Basically, two
difference geometries were of consideration and the schematic diagram is given in

Fig.3.1.
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Fig. 3.1 Schematic diagrams of two different geometries for the SW-TIRF apparatus:
(Left) the prism-launched SW-TIRF microscope, (Right) the objective-launched SW-
TIRF microscope
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One is a prism-launched SW-TIRF and the other is an objective-launched SW-TIRF.
The former uses a laser beam entering from the side of a high refractive index prism.
This setup can have a higher incidence angle and is relatively inexpensive to setup.
However, the access to the sample is limited and the preparation of a biological specimen,
such as a cultured cell medium, is not convenient. The objective-launched SW-TIRF has
the advantage of completely open access to the sample which makes this setup preferable
for biological sample imaging. In addition, this setup makes the conversion between
conventional wide-field mode and SW-TIRF mode convenient by simply changing the
displacement of the ends of the launching optical fiber. One drawback is the existence of
stray light in the evanescent illumination. A small fraction of the illumination of the
sample comes from excitation light scattered inside the objective lens. Another drawback
of objective-launched system is the upper bound of the NA is limited to 1.65, the highest
numerical aperture lens available to day. In contrast, prism with very high index material
can be made with index reaching beyond 3 with some semiconductor material potentially
allowing higher resolution. Originally, we built '<.1 prism-launched system but finally
decided switching to an objective-launched system, mainly due to its merit in

compatibility with biological preparation.

3.2 SW-TIRF optical setup

The objective-launched SW-TIRF optical setup is shown in Fig. 3.2 with the closed-loop
standing wave phase control unit. The difference of this setup from the Fig. 3.1 (Right)
is the addition of closed-loop feedback for SW phase control. The setup is basically
using an inverted microscope: the evanescent SW wave excitation is generated using the
side-port by focusing down two coherent beams at the back-focal-plane of a TIRF
objective. The SW phase detection unit is setup to the opposite side of the microscope.
The image detection is using the back port of the microscope with the additional relay

optics to achieve enough final magnification which is not displayed in the figure.
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Fig. 3.2 Schematic of the objective-launched SW-TIRF microscope: A high NA objective
is used to excite the sample at super-critical angle. The evanescent standing wave phase
is controlled by driving a PZT attached to a retroreflector mirror. A linear CMOS array
detector is used to estimate the standmg wave phase with residual beams through the
dichroic mirror.

3.2.1 Generation of evanescent standing wave excitation
e The light source and the fiber optic light delivery

The excitation light from a laser (532 nm, Verdi-10, Coherent) is delivered to the system
via a single mode fiber through a fiber coupler (PAF-X-11-532-PC fiber coupler, OFR,
Caldwell, NJ). This laser is a 5W, single wavelength Nd:YLF laser with a coherence
length on the order of kilometers. Approximately 10% of the pumping beam was
directed into the fiber coupler by -using an AR-coated coverslip from Chroma. The
isolation of the laser source from the optical setup was necessary to minimize the effect
of the mechanical vibration of laser cooling. The final polarization of the single mode
fiber output beam undergoes a slow variation over time due to the thermal expansion

caused by the environmental temperature or external disturbances. This problem was
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fixed by the use of polarization preserving fiber with an additional half-wave plate in

front of the fiber coupler to accurately match the polarization axis of the fiber.

e The beam splitting unit and the PZT actuator

The fiber-delivered beam comes out of a fiber collimator and enters through a 50:50
beam splitter. One beam is reflected from a retro-reflecting mirror attached to a
piezoelectric transducer (PZT, P-810.10, Polytec PI, Auburn, MA) to vary the optical
path length for controlling the SW interference fringe phase. The other beam passes
through a combination of a half-wave plate and a linear polarizer to match the intensity of

two final beams entering into the objective lens.

e The standing wave launcher

Each beam is coupled into a single-mode polarization preserving optical fiber (Oz optics,
Ottawa, Canada) and the end fiber tips are housed in mirror mounts placed on XYZ-
translators. Precise orientation and position control of the fiber tips are required with 5
degree of freedom (X, Y, Z, yaw, and pitch) to place the corresponding excitation foci at
the back aperture of the objective lens. The separation of two fiber tips with simple
translation determines the final incidence angle onto a coverslip. The divergent beams
emitted from these fiber tips are collimated by a collimation lens (f = 200mm) and
focused down by a tube lens (f = 125mm). To keep our TIRF illumination in S-
polarization state, a linear polarizer is put in between the collimation lens and the tube
lens (not shown in the diagram). This polarizer can be rotated to generate a P-

polarization state for some studies.
e The generation of standing evanescent excitation
The excitation beams enter the modified epi-illumination light path of an inverted

microscope (Olympus, IX-71) through its side port and are reflected by a dichroic mirror
(z532dc, Chroma, Rockingham, VT) and focused at the back aperture of a high numerical
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aperture (NA) objective lens (Olympus Plan Apo 60X NA1.45). The collimated beams
emerging from the objective enter the specimen/coverslip interface at a supercritical
angle with the beam diameter of several hundred pm. The incident angle is set at
67 +£0.5° which is above the critical angle of 65.2° assuming the index of the specimen
as 1.38 and that of the coverslip as 1.52. By simply translating the excitation fiber
launcher position, the setup can systematically vary the incidence angle over a range of
from 41.2°to 72.5° which makes it easy to switch imaging modes between the SW

fluorescence microscope to the SW-TIRF microscope.

e The standing wave illumination spot size

The beam diameter at the output of the objective lens was about 300 pm. Since the field
of view on the CCD camera is about 12 x 12 um?, this large spot size ensures uniform
sample illumination within the field of view even though the beam has originally

Gaussian intensity profile.

With the current design, conventional TIRF images can simply be obtained by blocking
one of the beams and a conventional wide-field image can be taken by locating one beam
at the center or optical axis while blocking the other. This will be used for the

comparison of different imaging modes.

3.2.2 Imaging components

The fluorescence emission is collected by the same objective and transmitted through the
dichroic mirror along the emission path. An additional barrier filter (HQ545LP, Chroma,
Rockingham, Vt) is used to further attenuate the scattered excitation light. The emission
out of the bottom port is transmitted through a 16 times magnification relay optics before
focusing onto a 12-bit intensified CCD (iCCD) camera (Pentamax, Princeton Instrument
now Roper Scientific, Trenton, NJ) with the effective pixel size of 22.6um. With the 60x

lens, the total magnification of this system is 960. The residual excitation beams, leaked
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through the back of the dichroic mirror, exit through a hole bored in the back wall of the
dichroic mirror cube. The residue excitation beams are expanded to form an interference

pattern on a CMOS sensor for the SW phase detection.

3.3 Standing wave phase control

3.3.1 Standing wave stability and noise sources

The SW-TIRF system is basically an interferometer. Due to the thermal expansion and
mechanical instability of the excitation beam path, the phase of the standing-wave can
drift over time (~ 100° /min) and degrade the quality of the final reconstructed image.
Thus, it is required to use a closed-loop feedback control of the SW phase. Since the
evanescent standing wave spacing (about 190 nm for typical SW-TIRF experiment) on
the coverslip is below the resolution of the imaging system (measured about 260 nm with
NA 1.45 objective), an indirect way of phase estimation is devised. This is done by
generating another alternative interference pattern onto a CMOS camera (S9227,
Hamamatsu, Bridgewater, NJ) with about 10X magnification relay optics at the back of

the dichroic mirror mount.

3.3.2 Standing wave phase extraction algorithm

From the output of the CMOS array, an algorithm is implemented to calculate the fringe
period and estimate the SW phase in real time. We came up with two ideas how to
implement this. One idea was Fourier transforming the CMOS data and getting the
period and phase from the amplitude and phase component of the transformed result.
From Matlab simulation, this phase extraction appeared to be problematic. Even a little
noise could be amplified hindering the extraction of the phase information. In addition,
the computation time of the Fourier transform interferes with the real time processing.

The other idea was to estimate the SW phase in the space domain given that the intensity
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signal is basically sinusoidal. This method turned out to be very stable and can operate
well even with contrast less than 0.1 in the presence of significant noise. The algorithm

is described below.

Assume that the Nyquist limit is satisfied and the AC component of the normalized fringe
pattern can be described as cos(27r(i - 1) / M+ 4, ) , Where i is the pixel position along the
CMOS array and M is the closest integer number to the actual fringe period. The fringe

phase, ¢,, can be obtained from ¢, =tan™' (sind, /cos¢,) after forming and solving the

matrix equation below.

b 27 . 2

—_ COS— —Sin—

D, M M cos g,
sin g,

G-

Pul |cos®Z =1y —sinZZEM-1)
M M ]

Here, p, is the average AC intensity value of the i pixel within the period of M. Since
about 50 fringes can be recorded by the CMOS array, the 50 values were averaged to

provide a single average pixel value of p,.

Interestingly, this equation turns out to be a simple algebraic expression for both cos ¢

and sing, with a common constant factor:

M
cosgy=> P, «coszﬁ”(i -1)
i (3-2)

M
sing, = —;ﬁi -sinzﬁ”(i—l)

In our setup, the CMOS array has 512 pixels with the pixel size of 6.4um. Hence M,

which is approximately equal to 6 pixels, denotes the number of pixels corresponding to
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one period of fringes. In principle, M can be estimated by Fourier transform of the
signal and taking closest integer of the corresponding pixel value. However, the
algorithm described above works even when the actual fringe period is a bit off from an

integer value.

3.3.3 Feedback controller design and noise reduction

The SW phase drift was removed by a feedback control system utilizing an embedded
microprocessor (SBC0486, Micro/sys, Montrose, CA) driving the piezo-driven retro
reflector. The feedback signal is provided by the estimated phase of the interference
pattern on the CMOS. Typical proportional, integrative, and derivative (PID) control
scheme was used and the gains were tuned using Zigler-Nichols method (Palm, 2000).
We identified the noise sources such as the chiller for laser cooling, room air conditioner,
and the ambient air flow. By Fourier transformation of the phase signal over time, the
contribution of each noise source were evaluated and minimized. The slow drift of the
phase could be minimized by covering most of the beam path and attaching optical fibers
on rigid part. The fast fluctuation was reduced by isolating any mechanically moving
sources from optical table except a cooling fan inside the iCCD used. Later we even
modified the iCCD camera such that a toggle switch was installed at the power line of
cooling fan allowing the fan to be turned off during data acquisition. Since the dominant
noise source of the standing wave phase was this fan, we could achieve much cleaner
data by temporarily stopping the fan during the measurement time usually less than a
second. The iCCD performance was intact even about several minutes without running
the fan. Also, one major vibration source was the room air conditioner which was turned

off during imaging.

After turning on the feedback controller, the SW phase fluctuation was within 3°, smaller

than 120" of one period. This fluctuation was small enough not to cause visible problem
in the final SW-TIRF image. SW phase error could come from the sample, to be

discussed in Section 4.3.
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3.3.4 Validation

The active phase control system provides sufficient phase stability to ensure proper SW-
TIRF images. Fig. 3.3 shows the capability of current feedback controller. Once this
controller was installed, we evaluated the accuracy and precision of this phase control
system based on the CMOS detection. Since there is no way to directly observe the
standing evanescent wave, the fringe spacing is about 190 nm and the best resolution
with NA 1.45 lens was about 260 nm in PSF FWHM, we devised an indirect way to
confirm the presence and stability of this standing evanescence wave. We imaged
sparsely distributed point-like objects, 0.04pum fluorescent microspheres (peak excitation
at 540 nm, peak emission at 560 nm, F-8792, Molecular Probes, OR) while changing the
standing evanescent wave excitation from phase 0° to 720°. By plotting several different
spots of blinking points with respect to phase, we demonstrate clean and stable sinusoidal

illumination can be imposed on the specimen as is evidenced in Fig. 3. 4.

The fact that P-pol standing wave contains some contrast as described in Chapter 3.2
enabled to use the same phase control approach, originally for S-pol SW geometry. The
SW-TIRF using P-pol was also confirmed in the way described above. As predicted in
section 2.3.1, the P-pol SW gave a lower contrast yet enough for the current controller to
work. This aspect led us to attempt even standing wave surface plasmon resonance

fluorescence microscopy using only P-polarization, to be described in Chapter 5.
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Fig. 3.3 Standing-wave phase control with closed-loop feedback controller

(A) Schematic diagram of the standing wave phase closed-loop control unit. The
embedded microcontroller monitors the output phase from the CMOS detector and this
estimated phase is used to control input in real-time (~70Hz).

(B) Typical fringe pattern on CMOS image sensor. The invisible evanescent standing
wave on the sample can be indirectly monitored with this alternative way.

(C) Standing wave fringe phase measurement with a feedback loop open (left) and closed
(right). Reference angle: 120°, measurement duration: 0.2 — 45 sec. The standard
deviation of the fluctuation is less than 3° .
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Fig. 3.4 Validation of the standing evanescent wave: the SW wave direction is vertical
and the phase angle is changed from 0° to 660° by the step size of 60°.

(Top) One wide-field image with 0.04pum fluorescent microspheres sample at the
standing wave phase of 0°. Three small rectangles are chosen regions of interest (ROI).
(Bottom) The intensity trace at these three ROIs while changing the underlying standing
evanescent wave. Note the lowest intensity signal is not zero which comes from the
presence of background noise.
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3.4 SW-TIRF system characterization and data acquisition

3.4.1 Calibration of pixel resolution

Intensity (a.u.)

698 8 pixels =1 6667um)|
ie.1pbeel = 23 8 nm
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pixels

Fig. 3.5 Calibration of the pixel resolution and the field of view

(a) Direct Ronchi ruling image with bright light under typical SW-TIRF condition.
(b) Vertical average of the Ronchi ruling image in (a)

(c) Autocorrelation of the average

Even though there can be an approximate estimate of the field of view from the
magnification of the objective lens and relay optics, it is best to measure the field of view
directly imaging a known object. We determined the pixel resolution by using a glass
Ronchi ruling (Edmund Optics, Barrington, NJ) with known spacing of 600 Ip/m or
1.6667um/period. Fig. 3.5 shows the method used to measure pixel resolution and the
field of view. First, images were taken with the lines in vertical and horizontal directions.
Then, the image was averaged to the direction parallel to the lines to generate a one
dimensional plot. The autocorrelation of the image was used to determine the pixel
resolution since there was noise even in the averaged images. With NA 1.45 objective,
one pixel corresponds to ~ 23.9 nm and the field of view was ~ 12 x 12 um’. The reason
we chose this method was to minimize the effect of image distortion which appears to be
the result of spherical aberration. With the relatively large effective pixel size of 22.6um
of our CCD camera, we had to use rather large magnification relay optics (~16 times) in
front of the CCD camera resulting image distortion. This effect could be reduced in the

future with lower magnification relay optics by using a camera with smaller pixel size.
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3.4.2 Calibration of evanescent standing wave fringe period

As mentioned before Chapter 3.3.4, the direct imaging measurement of the evanescent
standing wave period was not trivial due to its sub-diffraction limit structure. Instead, a
thin uniform layer of fluorescent sample was prepared and the SW emission was imaged
by gradually increasing the incident angles from sub-critical angle, where SW can be
imaged, to a super-critical angle where the SW cannot be imaged due to the resolution
limit. This actual measurement of imaging SW fringes was matched with the theoretical
calculation from geometry within 2 % and could be extrapolated to the setup angle of

70+0.5°.

Collimation lens Focusing lens  Objective

Fig. 3.6 Schematic diagram of SW-TIRF excitation geometry to calculate the standing
evanescent wave fringe period: Only the center lines of the excitation beams are depicted.
f; and f; are the focal lengths of the collimation lens and the focusing lens. The objective
lens has magnification of M, with standard tube length of frg and a numerical aperture of
NA. 0 is the incidence angle of the entering beam.

To calculate the standing evanescent wave fringe spacing, a simplified diagram is
described in Fig. 3.6. The fringe spacing at the sample plane is p = A/2nsin8, where

A is the excitation beam wavelength, » is the refractive index of the immersion oil, and &
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is the incidence angle. From the sine condition of the objective lens (Richards and Wollf,
1959), the displacement of each beam, x; can be related to the angle 8 via

x, =(f,3/M)nsin@. Thus the fringe spacing can be expressed as a function of x;:

p(%)=%(%)(%)£—- (3.3)

Experimentally, we increased the x; from its smallest value until the fringe of a thin
layered sample was not distinguishable. Since we have pixel resolution, the fringe
spacing can be obtained by counting the number of fringes in the field of view. Table 3.1

shows the comparison between the estimated value and the measured values.

x] (mm) eexlimation ( ) ) p estimation ( nm ) p measurement ( nm ) EITOI' ( % )
2.41 194 529.8 529.8 0.001
3.00 24 4 425.6 433.6 1.88
3.50 28.8 364.8 370.4 1.54
4.00 382 319.2 324.1 1.54
6.85 70.4 186.4 Not available Not available

Table 3.1 Comparison between the estimated fringe spacing and the measured spacing

The estimated value is obtained from equation (3.3). With the current setup, the tube
length is 180 mm and the magnification of the objective is 60. The error is within 2%
and is used to extrapolate the fringe spacing of the standing evanescent wave. This is a
pretty good match to have only about one period error over the entire field of view. The
error may come from i) spherical aberration due to significant relay optics, ii) error in the
manual counting of the fringe image, and iii) a slight misalignment of the optical setup.
For example, the typical SW-TIRF setup used x; of 6.85 mm and the spacing was

estimated as 186.4 nm. This value was used for our image reconstruction.
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3.4.3 Data acquisition procedure and image reconstruction

The raw images from the iCCD camera were stored using a desktop computer with
Windows 98, running the WinView (Roper Scientific, Trenton, NJ). The image data
acquisition was synchronized with the real-time feedback control of the SW fringe phase
by the embedded microprocessor (SBC0486, Micro/sys, Montrose, CA) using custom
written software in C (Turbo C++ Version 3.0). The typical exposure time for each raw
image was about 0.1- 0.2 sec with the total excitation power entering into the objective
less than 10 mW. To minimize the photobleaching of the fluorophore, a mechanical
shutter was used to restrict the illumination during the image acquisition. Non-fluorescent

immersion oil (Olympus, n = 1.516 at 23°C) was used. Each image was subtracted by a

background image of the same sample without fluorophore under the same conditions.

Post image reconstruction and digital image analysis were performed on an IBM
Thinkpad laptop computer (T40) using Matlab (Version 7.1, Mathworks, Natick, MA)
software. The electronic post-processing takes a few seconds and potentially real-time

reconstruction would be feasible with the development of computing technology.

Palm, W.J. (2000). Modeling, analysis, and control of dynamic systems, 2nd edn (New
York, Wiley).

Richards, R., and Wolf, E. (1959). Electromagnetic diffraction in optical systems. II.
Structure of the image field in an aplanatic system. Proc Roy Soc (London) A 253, 358-
379.
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4. Results of Standing Wave Total Internal Reflection Fluorescence Microscope

Measurements

Total internal reflection fluorescence microscopy was combined with standing wave
microscopy to enhance the lateral resolution more than twice than that of conventional
wide-field or TIRF microscopy. This new technique has been demonstrated with fixed
biological specimen. The comparison between wide-field (WF), TIRF, and SW-TIRF
(with linear deconvolution) shows that SW-TIRF can reveal the fine structural details of
actin cytoskeleton with high signal-to-background ratio close to the basal plasma

membrane of cells.

4.1 SW-TIRF point spread function measurements

The experimental measurement of point-spread function (PSF) of SW-TIRF microscope
is demonstrated by imaging sub-diffraction limit fluorescence beads. This characterizes
the resolution of SW-TIRF system. In addition, semiconductor crystal quantum dot

imaging was performed.

4.1.1 Materials and methods

Fluorescent polystyrene microspheres (F-8792, Molecular Probes, OR), with nominal
diameter of 44nm and peak emission at 560nm and excitation at 540nm, were sonicated
for several minutes. 10pl solution was loaded on a cover slide followed by covering with
a standard coverslip glass (22mm X 22mm square, No.1.5 thickness). The coverslip was
sealed with clean nail polish to slow down the evaporation of water. Initially, most beads
were moving due to Brownian motion. After overnight, most beads are attached on the
coverslip and were ready for imaging. The number concentration of microspheres was

adjusted to get about 10-30 beads in the microscope field of view (~ 12um X 12um).
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4.1.2 Point spread function measurements of SW-TIRF microscope

A comparison of conventional TIRF PSF and 1D SW-TIRF PSF images is shown in Fig.
4.1. The sample contains fluorescent polystyrene microspheres in the deionized water.
The intensity profiles in the standing wave (SW) direction show that the SW-TIRF PSF
has narrowed by 239% improvement over the TIRF PSF in terms of FWHM. However,
SW-TIRF has two prominent side lobes with amplitudes slightly less than 30 % of the
main peak. This observation is consistent with theoretical prediction, Fig. 2.2(A), if the
NA of the microscope objective were about 1.1. While the theoretical NA of the
objective is supposed to be 1.45, the lower NA value is consistent with conventional
TIRF measurement where PSF with FWHM of 260 nm is measured. This performance
characteristic of the objective is consistent with in-house measurement by Olympus (Eiji
Yokoi, personal communication) and will be further investigated in section 4.3.
Nonetheless, since the relative height of side lobes compared to the main peak is less than
30%, linear deconvolution can quickly eliminate side lobes as shown in Fig. 4.1(c)
(Hanninen et al., 1995). The PSF FWHM of the main peak remains unchanged after
linear deconvolution. Prior to the SW-TIRF image reconstruction, no imaging processing

was applied.
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Fig. 4.1 Effective PSF measurement of (A) conventional TIRF, (B) 1D SW-TIRF and (C)
1D SW-TIRF with linear deconvolution with 0.04pm fluorescent bead. The evanescent
standing excitation is in the vertical direction. The corresponding vertical intensity
profile is (a), (b) and (c). These vertical profiles show a narrower PSF FWHM for SW-
TIRF in comparison with that of conventional TIRF. (Experimental condition is the same
as that of numerical simulation: NA = 1.45, A4, .= 532 nm, 4,,,= 560 nm, n = 1.52,

and 6

incidence

=6710.5° except the contrast was typically measured about 0.9).

4.1.3 Imaging semiconductor nanocrystals (quantum dots)

Semiconductor nanocrystal quantum dots possess ideal characteristic of point objects for
PSF measurements. Their small size of 10-25 nm is far below the diffraction limit. Their
long-term photostability is far superior to organic fluorescent dye molecules. Their broad
excitation and narrow emission spectrums allow convenient multi-spectral imaging
(Michalet et al., 2005). The sample preparation was similar to that of polystyrene
microspheres except using quantum dots (Qdot565 streptavidin conjugated, Invitrogen).
It was recognized that the quantum dots are prone to lose their signal if stored in diluted
solution. In addition, their blinking nature was adverse to the SW-TIRF technique based

on the quantitative signal of intermediate images.
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The result is displayed in Fig. 4.2 with several region of interests (ROI) analyzed. The
total input power into the objectivé was ~ 4.6mW. The results of 1D SW-TIRF gave
higher lateral resolution of more than 2.5 times in one direction demonstrated in ROI 1
and 2. Interestingly, the ROI IV did not show enhanced resolution which might be due to
the blinking of the quantum dot. Several different ways of blinking suppression were
tried without success (Hohng and Ha, 2004). The use of betamercaptoethanol seems to
work at first but is toxic to biological specimen and hence has minimal long term utility.
In addition, the quantum dots lost their signals and degraded in a few days. By chance,
quantum dot products from a different source (Evident technology, Troy, NY) were
found to have much less blinking and were used for subsequent experiments, to be

described later.
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Fig. 4.2 The comparison of conventional TIRF, 1D SW-TIRF and SW-TIRD of
semiconductor quantum dots. The standing wave direction:vertical , the exposure time:
1.0 sec, input power into the objective: 4.6 mW.
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4.2 SW-TIRF measurement of Biological Specimens

With the SW-TIRF system established, a fixed biological specimen was imaged to
demonstrate the high-resolution capability of SW-TIRF in biological systems.

4.2.1 Materials and methods (Cell culture and fluorescent labeling of the actin

cytoskeleton )

Fibroblasts (NIH 3T3) were grown in standard 100mm x 20mm cell culture dishes
(Corning, VWR, West Chester, PA) in DMEM (Cellgro®, Mediatech, Herndon, VA)
supplemented with 10% fetal bovine serum (Invitrogen, Carlsbad, CA) and penicillin-
streptomycin (100 units of penicillin per ml media, and 100 pg streptomycin per ml
media, Invitrogen). Cells were cultured at 37°C in 5% CO,. 24 hours prior to the labeling
experiments, fibroblasts were plated on 35 mm glass-bottom cell culture dishes (MatTek,

Ashland, MA) coated with collagen I (1 pg/cm?, Cohesion Tech, Palo Alto, CA).

On the day of the experiments, the cell confluency had reached about 60%. At room
temperature, cells were then fixed with 3.7% formaldehyde in phosphate buffered saline
(PBS, Mediatech) for 10 minutes, washed twice with PBS, and extracted with 0.1%
Triton X-100 in PBS for 5 minutes. To reduce nonspecific background staining, fixed
cells were then incubated in PBS containing 1% bovine serum albumine (BSA,
Polysciences) for 20 minutes. For F-actin labeling, cells were then incubated with 165-
nM AlexaFluor® 532 phalloidin (Molecular Probes) for 20 minutes and washed three
times with PBS. Ms. Maxine Jonas in our laboratory has taught and helped with the

fibroblast preparation protocols.
4.2.2 Imaging actin cytoskeleton: one-dimensional SW-TIRF

Imaging of biological specimen is demonstrated in Fig. 4.3. Since the SW propagation is

in vertical direction, one-dimensional (1D) SW-TIRF gives resolution enhancement only
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in vertical direction. Wide-field (WF) image A(a) has higher background noise level
while conventional TIRF image B(b) shows significantly lower background compared to
WF due to the shallow evanescent excitation of about 73nm. However, the lateral
resolution remains about the same with WF and TIRF. C(c) and D(d) show the SW-TIRF
image and that with linear deconvolution, respectively. The SW-TIRF images reveal
finer detail of the cellular actin cytoskeleton resulting in 235% enhancement in terms of
lateral resolution compared to the WF image which demonstrates the high resolution
capability of this system in the application of imaging cellular actin cytoskeleton. Stripe
artifact is noticeable in SW-TIRF images due to the side lobes of the SW-TIRF PSF.

This can be minimized by linear deconvolution of the SW-TIRF image.
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Fig. 4.3 F-actin cytoskeleton in mouse fibroblast cells (NIH 3T3) imaged with (a) Wide-
field (WF), (b) conventional TIRF, (c) 1D SW-TIRF and (d) 1D SW-TIRF with linear
deconvolution (SW-TIRD). (a,b,c,d) are enlarged insets of corresponding image from
A(a, b, c, d). B(al, bl, c1, d1) are the vertical profiles of dashed line in the corresponding
image B(a, b, ¢, d). The evanescent standing excitation is in the vertical direction.
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4.2.3 Imaging actin cytoskeleton: two-dimensional SW-TIRF

F-actin cytoskeleton structure of a single fibroblast cell was imaged by two-
dimensional (2D) SW-TIRF in Fig. 4.4 showing resolution enhancement in both
directions. Here, the superposition of two perpendicular directional 1D SW-TIRF was
used to generate one 2D SW-TIRF image. For this, the sample was mounted in a
mechanical rotataional stage. First, 1D SW-TIRF image was taken. Then, the sample

was rotated by 90°. A low magnification CCD camera mounted on a different

microscope port was used to ensure the region of interest remain within the field of
view of the high magnification CCD camera during this rotation. Special care was
required to minimize the inevitable photobleaching of the actin phalloidin by
minimizing the excitation power during this sample rotation. To compensate the signal
reduction from photobleaching, the 1D SW-TIRF images from the orthogonal
orientations were normalized before the superposition. Fig. 6 A (a) and (b) show that
TIRF decreases the out-of-focus noise to improve the signal-to-background ratio
compared to conventional WF imaging at the cost of observing only near the surface
region. In inset 1 of Fig.6 B, SW-TIRF can reveal the 190 nm separated actin fibers
which is not resolvable with either WF or TIRF. In Fig. 6 C second row, FWHM of
actin fiber is narrowed from 286 nm to 127 nm by more than twice. In third row, SW-
TIRF can distinguish actin fibers separated by 190 nm. It is recognized that not all the
actin fibers in one image are in focus due to the slight changes of actin fiber height
from the bottom surface. These results clearly demonstrate the superior high-resolution
capability of SW-TIRF over conventional WF or TIRF. Major difficulty of imaging
biological specimen compared to the fluorescent beads is photobleaching problem. The
beads are bright and can last relatively long period under continuous excitation while
the actin phalloidin needs an extra care to minimize the total illumination time before

fading away.
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B (inset 1)

SW-TIRD

Fig.4.4 F-actin cytoskeleton in mouse fibroblast cells (NIH 3T3) imaged with (a)
Wide-field, (b) conventional TIRF, (¢) 2D SW-TIRF and (d) 2D SW-TIRF with linear
deconvolution (SW-TIRD). Subfigure A compares the four different imaging modes
and Subfigure B and C are the enlarged inset 1 and 2 marked in subfigure A. In
subfigure C, the second and third rows are the vertical profiles of (1) and (2) in
subfigure C(a).
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4.3 Discussion

Total internal reflection fluorescence microscopy and a lateral version of standing wave
microscopy were combined. This new technique has been demonstrated with fixed
biological specimen for the first time. The comparison between WF, TIRF, and SW-TIRF
shows that SW-TIRF can reveal the fine structural details of actin cytoskeleton with high
signal-to-background ratio close to the basal plasma membrane of cells. Other
complementary imaging modality such as atomic force microscopy could be combined
with TIRF (Mathur et al., 2000; Sarkar et al., 2004) to provide high resolution imaging on
the apical surface. We have further implemented SW-TIRF in objective-launched
geometry instead of using prism-launched method to facilitate the ease of imaging
cellular specimens.

From the theory of diffraction-limited imaging originally proposed as the Airy function,
the ideal PSF FWHM is calculated to be 199 nm with NA of 1.45 and with the emission
wavelength of 560 nm. In contrast, the measured PSF FWHM was 260 nm under the
same condition with 44 nm bead. Since the relative height of side lobes of SW-TIRF
depends on the shape of the original PSF, a discussion regarding the origin of this non-
ideal PSF would be useful. First, the high NA microscope objective may not achieve the
ideal modulation transfer function due to strong attenuation of marginal rays (Neil et al.,
1997). Second, the emission from the fluorescent beads is not actually monochromatic at
560 nm but peaked at 560 nm with long spectral tail into the longer wavelength region.
Third, the effect of bead size adds some broadening to the final PSF FWHM. However,
from numerical simulation by convoluting the finite bead model with airy function gives
the broadening of PSF FWHM of less than 5 % with a 44 nm size bead. Fourth, there
exists cross talks between iCCD pixels due to the coupling fibers which connects the
microchannel plate in the image intensifier to the CCD chip. The pixelation error is
increased by a factor of 1.5 due to the fiber coupling ratio resulting in the effective pixel
size of 22.6 um instead of the physical pixel size of 15 um (Stelzer, 1998). Other
potential reasons could be the misalignment of the optical setup and the aberration of the
relay optics. The broadening of PSF FWHM by 20 % was also reported in other systems
(Frohn et al., 2000).
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5. Fluorescence Microscopy using Surface Plasmon Resonance

Surface plasmon resonance fluorescence (SPRF) microscopy is a wide-field optical
imaging technique that utilizes the enhanced evanescent electromagnetic field of surface
plasmons to excite fluorophores near to the surface of a metal film. The field
enhancement effect of the surface plasmon resonance near to the metal film leads to
efficient excitation of the fluorophores and strong fluorescence emission, thus increasing
the signal to ratio of the image. Through back and front focal plane imaging of sub-
diffraction-limited fluorescent beads, the experimental emission characteristics is
compared with theoretical simulation. To our surprise, with an excitation at the surface
plasmon angle, we found that the anisotropic emission of the fluorescent beads, collected
through the metal layer, results in a doughnut-shape point spread function with multiple

concentric rings which is explored with theoretical modeling.

5.1 Motivation

TIRF microscopy is commonly used for the imaging studies of the activities near the
basal cellular membrane taking the advantage of a shallow evanescent excitation. TIRF
has been used to monitor biomolecular interactions such as ligand-receptor binding
(Schmid et al., 1998), ion channel dynamics on cell membranes (Sonnleitner et al., 2002),
and endocytosis or excocytosis (Beaumont, 2003). The exponentially decaying
evanescent field ensures that the excitation of fluorophores is confined within
approximately 100nm from the interface between high and low refractive index media.
This extremely thin excitation penetration depth is less than one fifth of the wavelength
and is usually not observable in free space leading better rejection of background

fluorescence than other imaging modalities like confocal or two-photon microscopy.
A variation of TIRF consists of putting a thin layer of metal coating on the coverslip glass

substrate to produce surface plasmon resonance and to induce fluorescence emission.

This technique has recently been applied to the study of the interactions between actin
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and myosin cross-bridges in muscle contraction (Bérejdo et al., 2006b). In essence, the
fluorophores near the surface are excited by the enhanced evanescent field of the surface
plasmons induced on the metal surface. The emission light, coupled back through the
metal layer, exits through a collection lens and is captured by detection optics. This
imaging technique of utilizing surface plasmon-coupled emission (SPCE) in a TIRF
configuration offers several advantages over the conventional TIRF such as the reduction
in detection volume due to the quenching near the metal surface and better suppression of
background noise (Borejdo et al., 2006b). Henceforth, we propose this as a novel
microscopy technique titled as the surface plasmon resonance fluorescence (SPRF)

microscopy with a high NA TIRF objective lens.

5.2 Background
5.2.1 Electromagnetic field enhancement based on surface plasmon resonance (SPR)

Surface plasmon is the surface electromagnetic wave propagating along a metal and
dielectric interface originating from collective electronic oscillations. Surface plasmon
resonance (SPR) involves the resonant energy transfer between evanescent wave and
surface plasmons resulting in the evanescent field enhancement. The nature of SPR is
illustrated in Fig. 5.1. The geometry of electric field is perpendicular to the interface and

thus only allows the SPR with P-polarized light with supercritical incidence angle.

A hemicylindrical or hemispherical prism is typically used in the Kretschmann-Raether
configuration to induce surface plasmons (Raether, 1987). Using SPCE for an efficient
fluorescence detection method with high sensitivity was first proposed by Lakowicz
group. Their observation of fluorescence emission by illuminationg the fluoropheres near
to a silver-coated glass substrate, revealed the highly directional nature of the emission

with a potential increase in the collection efficiency up to 50% (Lakowicz et al., 2003).
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Fig. 5.1 Surface plasmon resonance (SPR) is excited by the P-polarization incident light
at a metal/glass interface in a TIR geometry. The SPR enhances the evanescent field
amplitude, E. SPR can be observed as a dip in the reflected intensity at a specific angle
of reflection (SPR angle). The SPR requires the condition that the wave vectors for the
photon &, and plasmon k,, are equal in magnitude and direction for the same frequency

of the waves. @ is the incidence angle and SPR angle is usually greater than the critical
angle.

5.2.2 Surface plasmon coupled emission (SPCE) in surface plasmon resonance

fluorescence (SPRF) microscopy

A number of applications using SPCE has been found in the areas of biotechnology and
biological measurements (Gryczyﬁski et al., 2004; Lakowicz, 2004). For example,
Malicka et al. demonstrated the use of SPCE in DNA hybridization measurements
(Malicka et al., 2003), while Borejdo et al. extended the fluorescence correlation

spectroscopy with SPCE to improve signal-to-noise ratio (Borejdo et al., 2006a).
The excitation by P-polarized light at the SPR angle in the Kretschmann-Raether

geometry with a high NA TIRF objective lens is described in Fig. 5.2. Fluorophores near

the metal coated surface are excited by the evanescent field of the surface plasmons. The
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emission light is coupled through the metal layer and results in an interesting hollow cone
shape of radiation at the back focal plane of the objective. SPCE is highly P-polarized

and strongly depends on emission wavelength.

To our knowledge, there has not been any theoretical study of the image formation
process of SPRF, especially the PSF characteristics. The angular emission pattern of
SPCE will be studied at the image plane of the microscope (front focal plane) as well as
its Fourier plane which corresponds to the back aperture of the objective or back focal
plane. PSF measurements will also be presented. We propose a theoretical model for
SPRF microscopy and derive its theoretical PSF within a 4F optical system to explain the
observed PSF in our setup. The comparison between the theoretical prediction and the
experimental data reveals an interesting nature of SPCE emission and pave the potential

way for a new high sensitivity imaging modality.
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Fig. 5.2 The generation of surface plasmon coupled emission (SPCE) using a high NA

TIRF objective for both excitation and collection of the emission
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5.3 Theoretical simulations and experiments
5.3.1 SPR reflectance from a gold-coated substrate

Using Fresnel equation of three-layer model corresponding to the air/metal/glass layers,
the reflectance with respect to the incidence angle is calculated in Fig. 5.3. For numerical
simulation, gold (Au)-coated coverslip interfacing with air is used and the reflectance
shows a very sharp dip near the SPR angle. The reflection is highly dependent on the

incident angle. The angle with lowest reflectance corresponds to the SPR angle.
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Fig. 5.3 Total reflectance with respect to incident angle for various gold coating
thicknesses using the Fresnel equation of three-layer model (glass/metal/air): The
emission wavelength is assumed to be 560nm.
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5.3.2 SPRF experimental setup with back and front focal plane imaging

The schematic of the SPRF microscopy is shown in Fig. 5.4. An inverted microscope
(Olympus, IX-71) was used for normal imaging plane (front focal plane) and back focal
plane imaging (Fourier plane of the image plane). Fluorescent beads with nominal
diameter of 0.1pm (Molecular Probes now Invitrogen, peak excitation and emission are
540 and 560nm) were placed on a glass with a thin layer of gold (Au, 50nm thickness)
using vapor deposition (EMF, Ithaca, NY). The sample was excited with a continuous
was laser source (532nm, Verdi-10, Coherent). Emission light was collected with a high
NA objective (Olympus Plan Apo, NA 1.45, 60X). A barrier filter (HQ545LP, Chroma,
Rockingham, VT) was used to block the scattered excitation light. For back focal plane
(BFP) imaging, the emission light exciting from the tube lens was captured on a CCD
camera (Dage-MTI 100, Michigan City, IN). The front focal plane (FFP) image was
magnified by 16 times and captured with an intensified CCD (Pentamax, Princeton
Instrument, Trenton, NJ). The experimental setup is similar to that in (Chung et al.,

2006) except that only a single beam was used with an additional back focal plane imager.

The conditions at which SPCE occurs were determined empirically and verified with
theoretical calculations. This was done to ensure the PSF measurements were performed
under SPCE condition. The polarization of the excitation beam was controlled by a

linear polarizer between L1 and L2 in Fig. 5.4.
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Fig. 5.4 Schematic diagram of the experimental setup of SPRF microscope: A high NA
TIRF objective is used to collect the anisotropic SPCE. Both the back focal plane and the
front focal plane images are capture by moving the retractable mirror in the setup. L1:
collimating lens (f = 200mm), L2: focusing lens (f = 125mm), L3: BFP imaging lens,
BFP: back focal plane, and FFP: front focal plane.

Fig. 5.5(a) shows the back focal plane image that was captured at the SPR angle i.e. the
angle with strongest emission. The left panel shows the result of using a P-polarized
excitation beam and the right panel was using a S-polarization with the same incidence
angle. It is clear that SPR occurs only for a P-polarization excitation (Raether, 1987).
Furthermore, the hollow cone of emission demonstrates the SPCE near SPR angle
(Gryczynski et al., 2004; Kostov et al., 2005; Lakowicz, 2004; Mattheyses and Axelrod,
2005). For each of the P- and S-polarized excitation beams, the images of the BFP were
obtained with various angles of incidence from 20° to 60° in steps of 5 or 10°. The
comparison of collected fluorescence between experimental results and theoretical

calculations is shown in Fig. 5.5(b). The radiant energy detected for the various
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incidence angles was compared with that of the theoretical calculation in Fig. 5.5(c). The
experimental results indicate that the SPR angle in our setup was approximately 45°.
This is very close to the simulated value of 44.7°. These observations confirm that the
SPCE phenomenon has occurred for a P-polarized excitation beam tuned at the SPR
angle. In other words, the surface plasmons were induced and localized on the metal
surface resulting in the excitation of the fuorophores near the metal surface. However,
the simulation has much broader angular distribution than the theory. The reasons could
be that the actual emission is actually spread over a broad range of wavelengths and the
thickness of the metal layer was not very uniform which might smear the theoretically
sharp peak. The fluorophore emission was then coupled back through the metal layer and
collected by the high NA objective lens, leading to the hollow cone image in the BFP.

Subsequently, the PSF images of SPRFM were obtained under the same resonance

conditions.
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Fig. 5.5 Back focal plane image near the SPR angle (a) SPR occurs when p-polarized
light in the glass is incident at the interface at the resonant angle of ~ 45°. This is evident
by the hollow cone of radiation at the back focal plane, (b) No enhancement is observed
when s-polarized light is used, and (c) A comparison of the detected fluorescence vs
excitation angle for p-polarized and s-polarized light. From theory, the SPR angle is
44.7° which is very close to the experimental result -
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5.3.3 SPREF point spread function measurements

The FFP image of a 0.04pum fluorescent bead is in Fig. 5.6. Since the beads are of sub-
diffraction-limited size, the image shows a unique doughnut shape PSF. To determine
whether the PSF depends on the incidence angle, measurements were performed at two
different incidence angles, at SPR angle (~45°) and at typical SW-TIRF microscopy
angle (~70°). The results in Fig. 5.7 demonstrate the PSF shape is independent on the
incident angle. However, the image obtained at 70° is much dimmer even with twice
longer exposure time than at 45°, this is expected due to the low efficiency of plasmon

coupling far from the resonance condition. Interestingly, this aberrant PSF shape were

not observable with 0.1 um beads because of the averaging effect of the larger bead size
smearing the fine detail of SPRF PSF.
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Fig. 5.6 The PSF image of the SPRF microscope with its vertical and horizontal profile.
The sample was 0.04pum fluorescent microspheres (Molecular Probes now Invitrogen,
peak excitation/emission: 540/560 nm) on top of Au (50nm)-coated coverslip glass.

A TIRF objective (Olympus Plan Apo, NA 1.45, 60X) with immersion oil was used at the
SPR angle. This image is averaged from 20 image data.
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Fig. 5.7 PSF images at (a) SPR angle and at (b) nominal TIRF angle under the same
condition except the exposure time: 4sec for SPR angle and 8sec for TIRF angle. SPR
angle of ~ 45° and nominal TIRF angle of ~ 70" was used. Field of view is ~ 12 x 12 pum’.
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5.4 Theoretical modeling of SPRF microscope image formation

In this section, the interesting doughnut-shape PSF was explained based on vector field
theory. The unique nature of SPRF microscopic image formation is modeled and used to
compare with the experimental observation. This work was mostly done in collaboration
with Mr. Wai Teng Tang and Prof. Colin Sheppard of the National University of
Singapore. Only the core concept will be described and the detail can be found in the

paper we are preparing.

5.4.1 Fluorescence excitation of a dipole in the object space

In SPRF microscope, dipoles on the metal-coated glass slide are excited by a P-polarized

incident plane was shown in Fig. 5.8. n, denotes the refractive index of the object space,
n, is the refractive index of the metal layer and n, is the refractive index of the glass
slide. The dipole is placed as a distance d from the metal surface. £, is the wave
number of the incident plane wave in medium 3 with an incidence angle of &,, and is

given as k, =2zn,n/ A, , where 4, is the wavelength of the incident light in vacuum.

X

N

Fig. 5.8 Fluorescence excitation of dipole by a P-polarized incident plane wave
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As the SPRF microscopy setup is essentially the same as TIRF system (Axelrod, 2001),
the excitation field E, of SPRF is simply given by

E = —f‘ir,, exp(ik, sin, -x)exp(—k3\[s,in2 6,—(n/n) -z
m

x{—ii@zﬁi ~(m/m,)’ +Esin9,} '

, (.1

where X and Z denote the unit vectors in the x and z direction and 7, is the three-layer

Fresnel coefficient for P-polarized light given by

1,1, exp(ik,t cos 6,)

T, = ,
" 14+77r} exp(2ikyt cos 6,)

(5.2)

where 17 and ;' are the Fresnel coefficients for each of the respective two-layer
interfaces and 6, is the angle in the metal layer given by the Snell’s law defined in

Chapter 2.

5.4.2 Electric field in the image space

Fig. 5.9 shows the typical setup of a 4F system for SPRF imaging. The point dipole
p=puexp(iot) at a distance d away from the first interface is excited by the field

calculated in Eqn. (5.1) and emits light at a different wavelength A from the excitation
wavelength A4,. Region 2 is a thin metal layer of thickness ¢ with an index of refraction

n,. A high NA objective is placed in medium 3 and the tube lens in medium 4.
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Fig. 5.9 A schematic view of the SPRF microscopy imaging process with a 4F optical
system

Due to the highly polarized emission of SPCE and the high NA objective used, a full
vectorial formulation will be derived for the model shown in Fig. 5.9, since a scalar
treatment of the model does not take into account these effects and would be considered
inadequate here. Using the vectorial Debye integral of Richards and Wolf, the field in

the image space of the tube lens is given by

E (r.p.z)= -%r“- I_L E, sin6, exp(ik,r sin 6, cos (¢ - ¢))
x exp (ik,z cos 6, ) exp (i) d6,d¢

(5.3)

where the coordinates of a point in the image space are given by (r, ¢, z) , k, is the wave
number in medium 4, 8, is the polar angle of the wave vector in medium 4 and ¢ is the

azimuthal angle of the wave vector. It is assumed that as the wave propagates through
the lenses, the meridional plane i.e. a plane containing the chief ray and the optical axis,
of the propagation remains constant. @ denotes the wave front aberration function
which is a measure of the path difference between the wave front at the exit aperture of

the tube lens and the wave front of an ideal spherical wave (Wolf, 1959).
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To obtain the electric strength vector E4 in Eqn. (5.3), we start by considering the field

emitted by the dipole in medium 1 which is subsequ;:ntly transmitted into medium 3, and
then propagate the waves through the 4F system into the medium 4. We note that
although Torok solved the problem of the propagation of dipole waves through dielectric
interfaces (Torok, 2000), we do not use his approach here, primarily because it was
assumed that the distance of the dipole from the first interface is large and consequently,
the contribution of the dipole evanescent wave was ignored. On the contrary, when
considering SPRF, it is important to treat the case where the fluorophores are close to the
metal surface, within the order of ten nanometers scale, which implies that the near field
emission cannot be ignored. Therefore, we follow the procedure given by Arnoldus and
Foley (Arnoldus and Foley, 2004) to obtain the field in medium 3. We note that the field
in medium 3 has also been derived by Hellen and Axelrod (Hellen and Axelrod, 1987) in

a similar way.

X
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Fig. 5.10 Axis convention used in the derivation of the field in medium 3
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Fig. 5.10 shows the axis convention that is used for obtaining the expression for the diple
radiation in medium 3. The complex amplitude of the dipole source field in an infinite

medium with the index of refraction #, is given by

E\(7) = ~— [’k —

syl Ll [klzi’—(ﬁ-li)lﬁ]exp[iﬁ (F+a)], (5.4)

where v, =/n} —a® and a =k, [k, as introduced in (Arnoldus and Foley, 2004), and

(5.5

)=

. |k +kyz forz>-d
E”—kovlé for z<—d

In Eqn. (5.5), the field in medium 1 is efficiently represented by an angular spectrum of
plane waves, where the limits of integration indicate that both evanescent waves and

traveling waves are taken into consideration.

To obtain the field in medium 3, it is necessary to decompose plane waves propagating in
the positive z direction into their P and S components, so that the Fresnel transmission
coefficient for the three-layer systerh can be applied. The detailed calculation procedure
will be published (Tang, 2007) and the resultant intensity in the image space can be
obtained from the electric field written in Eqn. (5.1).

5.4.3 Comparison of SPRF point spread functions between theory and experiment

The theoretical PSF and the experimental PSF are compared in Fig. 5.11(a) and (b)
respectively. In general, their PSF look similar and it is evident that they exhibit
doughnut-like structures with multiple concentric rings of diminishing intensity
extending outwards. It is notable that the PSF is unique in that the central region has a

“valley” that is not normally seen in conventional microscopy.
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Fig. 5.11 A comparison of the calculated and experimental PSFs (a) Theoretical PSF, (b)
Experimental PSF, (c) Cross-sectional profiles of the PSFS. The PSF of SPRF
microscopy is shown with a black solid line and the experimental PSF is shown with
dashed lines.

This effect is caused by the anisotropic emission of SPCE as a result of introducing a thin
metal layer onto the glass coverslip. Fig. 5.11(c) compares the cross-section of the
experimental PSF with that of SPRF theory. If we were to ignore the dip in the central
region, the theoretical PSF of SPRF microscope has a FWHM of ~ 430 nm in comparison
to the FWHM of ~ 590 nm for the experimental PSF. Furthermore, the rings in the
experimental PSF are observed to be wider and more spread out than those of the
calculated PSF. These discrepancies could be due to the difference between the size of
the beads used in the experiment and the point dipole model used in the calculations.
This is supported by the observation of normal looking PSF with bigger beads of size
0.1um. Another potential reason is that the actual experimental emission spreads over a
spectrum of wavelengths which causes the hollow cone of radiation to be wider than the
theoretical predictions (Mattheyses and Axelrod, 2005), thereby resulting in a wider
FWHM.
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Fig. 5.12 A comparison of the calculated and experimental PSFs with a linear polarizer
(a) Theoretical PSF by introducing a linear polarizer between objective lens and tube lens,
(b) Experimental PSF with a linear polarizer in the relay optics, (c¢) Cross-sectional
profiles of the modified PSFS. The PSF of SPRF microscopy is shown with a black solid
line and the experimental PSF is shown with dashed lines.

When we have tried to put a linear polarizer in the collimated region of the relay optics,
we found an anisotropic image shown in  Fig. 5.12(b). Likewise, we calculated this
effect in our theory and reached a similar result as in PSF case. This result reveals the
unique axially polarized nature of the SPRF emission since the polarization of the
emission between the objective and the tube lens is mostly P-polarized or radially

polarized.

Although SPRF microscope is a potentially promising imaging technique due to its small
detection volume and good background rejection, the irregular point spread function of
SPRF microscopy implies that care must be taken when using this method for
applications such as imaging biological specimens since artifacts may be inadvertently
introduced. Though the overall PSF FWHM neglecting the central dip is about twice as
worse than that of conventional optical imaging, the inside sharp structure may contain as
high spatial frequency components as those of conventional counterpart. Thus this
seemingly enlarged PSF problem may be easily mitigated by using proper deconvolution
while keeping the advantage of enhanced signal-to-background ratio even further from

that of the TIRF microscope.
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5.5 Standing wave surface plasmon resonance fluorescence (SW-SPRF) microscopy

5.5.1 Motivation

The surface plasmon resonance is based on P-polarized incident light into a metal-coated
substrate at a specific SPR angle, usually larger than the critical angle. As is shown in
the section 5.3, SPCE is attractive due to its enhanced field near the metal surface, lower
background emission and the sensitivity to the wavelength of lights involved and the
dependence on material properties. More importantly, surface plasmon has an unusual
dispersion property. The magnitude of wave vector of surface plasmon can be enlarged
than that of free space light if the surface plasmon can be excited by proper coupling like
total internal reflection geometry (Matsubara et al., 1988). Since the resolution of
standing wave total internal reflection fluorescence (SW-TIRF) microscopy depends on
maximizing the wave vector of the evanescent wave, surface plasmon offers a unique
opportunity to substantially increase the magnitude of the evanescent wave vector. It
should be noted that the launching of surface plasmons by light requires wave number
matching (Raether, 1987). This momentum matching requirement can be achieved by
various methods including grating-based launching approaches.  However, the
implementation of grating-based launching will require the fabrication of nano-scale
grooves on the gold substrate and is currently beyond the scope of this thesis. Instead, we
will use objective-based launching technique to create surface plasmon with lower wave
vector. This experiment aims to demonstrate the feasibility of generating standing
surface plasmon waves although it does not provide higher resolution than that of SW-
TIRF microscope. The application of this method with grating-based launching
technique to access plasmon closer to the plasmon frequency will constitute future work

that may significantly improve the final image resolution.

However, the unique shape of SPRF PSF needs some care to be utilized for imaging

without artifacts. In addition, the SPR angle may be fixed with given experimental
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conditions setting the standing wave fringe period at smaller than that of SW-TIRF. Now
that P-polarization excitation can also generate an evanescent standing wave explained in
section 2.3, we came up with an idea that it may also be possible to apply SW-TIRF
algorithm in our existing SPRFM. In this regards, the potential of SW-SPRFM was

explored and a preliminary result was achieved.

5.5.2 Evolution of the SW-SPRF microscopy

As SPRF essentially adapts the same geometry of the TIRF, SW-SPRF can also use the
same strategy used in SW-TIRF, which is already built (Chung et al., 2006). One
consideration was whether SW-SPRF gives enough contrast to apply the SW-TIRF
algorithm. In section 2.3.2, several parameters were calculated and over 77% contrast

was feasible for air/gold/glass at the SPR angle of 44.7°. Experimentally SW-TIRF

algorithm works well with a standing wave contrast larger than 70%. The other
consideration was that the current CMOS phase detector for the standing wave phase
estimation was originally designed for S-pol standing wave interference. The contrast for
P-pol was substantially lower than S-pol case but it nonetheless gave sufficient contrast

for stable feedback control.

One major complication is that the unique shape of SPRF PSF did not allow a direct use
of SW-TIRF algorithm due to the central dip and overall widened PSF FWHM. A
careful observation of the SPRF PSF profile revealed that all the major peaks in the SPRF
PSF have FWHMs comparable with the FWHM of TIRF PSF which is about 260 nm.
Therefore, the SPRF PSF contains about the same high frequency information as that of
TIRF PSF as expected. Thus it was feasible to apply a deconvolution algorithm to
convert the SPRF PSF into a more typical-looking PSF shape. Since we already have a
fairly good numerical model of PSF, the Richardson-Lucy algorithm could be adapted
with theoretical PSF kernel as an input. Experimentally measured SPRF PSF was also

tried but produces relatively poor deconvolution results with slower convergence.
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5.5.3 Results of SW-SPRF microscope measurements

The process of generating a SW-SPRF image is shown in Fig. 5.13. The sample was
again the sub-diffraction-limited fluorescent beads sitting on the gold-coated coverslip
glass. The incidence angle of the excitation beams, with P-polarization, were set at SPR
angle of 45°. To generate an enhanced SW-SPRF image, three intermediate SPRF
images (Orig SPRF) were taken with three different SW phases as in SW-TIRF imaging.
Then, the deconvolution algorithm was applied to convert the original doughnut-shape
PSFs into new images where each PSF is single-peaked (Decon SPRF) followed by the
application of the SW-TIRF algorithm. These three deconvoled SPRF images were used
to generate an enhanced image (Decon SW-SPRF) as well as the final one with linear
deconvolution for side-band removal (Decon SW-SPRD). This result holds a promise for
the SW-SPRF microscopy as a potential imaging tool with even higher signal-to-
background.

The profile analysis of the SW-SPRFM in Fig. 5.14 demonstrates the FWHMs of both
SW-SPRF and SW-SPRD are more than twice narrower than those of deconvoluted
SPRF PSFs and more than three times narrower that those of the original doughnut-shape
PSFs.
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Decon SPRF

Decon SW-SPRD

Fig. 5.13 Extended resolution imaging with 1D Standing wave surface plasmon
resonance fluorescence microscopy (SW-SPRFM):

(a) Original SPRF image with unique doughnut-shape PSFs, (b) the deconvoluted SPRF
image after deconvolution with a theoretical PSF kernel, (c) the SW-SPRF image with
the SW-TIRF algorithm using three deconvoluted SPRFs at three SW phases, and (d)
SW-SPRF image with linear deconvolution (Sample: 0.04pum fluorescenct microspheres,
evanescent standing wave in vertical direction, Deconvolution algorithm: Richardson-
Lucy algorithm using Matlab Image Processing Toolbox)
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Fig. 5.14 The profiles of SW-SPRFM PSFs at selected regions of interest (ROIs). Top
left image shows the original one SPRF image of spread beads. The vertical intensity
profiles of the original SPRF, deconvoluted SPRF, SW-SPRF and SW-SPRD is
compared. (The SW-SPR fringe period: 244nm)
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5.5.4 General comparison of SW-SPRF and SW-TIRF with S- and P-polarization

excitations

The capability of generating SW-TIR and SW-SPR excitation with both S-pol and P-pol
beam respectively leads to a question of the comparison between these methods. In this
section, the transmitted intensity at the interface above the substrate, i.e. the coverslip
glass for TIRF and metal film coatirig for SPRF, will be compared and the exponential

decaying profile is also studied.

The refractive index of a coverslip glass »,= 1.52, a medium »,= 1.0, and a thin gold
film coating (50nm) »,=0.32 + j 2.83 with 532nm laser excitation in the case of SW-

SPRF are assumed. The laterally averaged standing wave intensities at z = 0 can be
expressed as follows. Note that these standing wave results turn out to be the same as the

non-standing wave cases.

For SW-SPREF case:

I = (:—;Jz A (2 sin® 6~ (n, /m, )2) (5.5)
I, =l (5.6)
7., =l (O)f (2sin* 0 ~(ns/n)) 5.7
s =l (5.8)

where the Fresnel coefficients 7, is defined in Eqn. (5.2) and 7 can also be defined by

replacing P with S in the same formula. However, care must be taken since the two layer
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Fresnel coefficients have different forms depending on the polarization. ¢, and 7, are

defined in Eqns. (2.31) and (2.26) in Section 2.3.1.

The transmitted intensities are plotted in Fig. 5.13(a) with physical parameters found in
our current setup. Intensities are plotted since the fluorescence is usually proportional to
the intensity on the fluorophores except there is a known quenching effect near to the
metal coatings (Hellen and Axelrod, 1987). For SW-TIRF case, the maximum intensity
enhancement occurs at the critical angle. However,'a higher incidence angle is preferred
in SW-TIRF for higher resolution and thus this enhancement effect may not be utilized.
On the other hand, for SW-SPRF case, the enhancement is more than 23 times with P-
polarized light near the SPR angle. It is also notable that both S-pol SW-TIRF and SW-
SPRF do not have as much enhancement effect as their counterparts. Especially, the
enhancement in S-pol SW-SPRF is close to zero which depends on the wavelength and
material constants. This also explains the unique dependence of SPR with P-polarized

light.

While Fig. 5.13(a) only shows the transmitted intensity at z = 0, Fig. 5.13(b) shows the
exponentially decaying nature of the intensities assuming at SPR angle. Though all the
intensity profiles have the same penetration depths, the images from different modes may
not be the same. The SW-SPRF in P-pol has the highest enhancement and also the signal

detected may contain information from farther regions then SW-TIRF imaging modes.
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Fig. 5.13 (a) Transmitted intensities at z = (0 with respect to the incidence angle for the
cases of SW-SPRF and SW-TIRF for S- and P-polarization incident light. Assuming the
incident intensities in the glass are set to unity, the transmitted light is either evanescent
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for incidence angle greater than the critical angle or propagating otherwise.

(b) Average intensities relative to the incident intensities at different depths. All the
intensities decay exponentially with the same penetration depth. (Simulation conditions:
n, = 1.52 (coverslip), n,= 0.32 + j2.83 for Au at 532nm and n,=1.0; 6= 41.1°, 6,,,=

44.7°)
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5.6 Conclusions

Through back and front focal plane imaging, the conditions of SPCE were determined in
our SPRF microscope which has unique characteristics by slight modification of the
sample substrate from the conventional TIRF microscope. Using a P-polarized excitation
beam at the SPR angle, the PSF of SPRF microscope was obtained and compared with
the theoretical modeling. Furthermore, the unique SPRF PSF exhibits a doughnut-like
structure with concentric rings. This irregularity was compensated with deconvolution

for further application of SW-SPRF microscopy.

The already established SW-TIRF microscope was built based on S-polarized excitation
light including crucial feedback control of the invisible evanescent standing wave. The
known phenomenon of electric field cartwheeling makes an understanding of P-
polization SW-TIRF more challenging. However, the formulation and simulation of the
evanescent electric field revealed that standing wave can be produced even with P-
polarization light. Fortunately, the P-polarization standing wave on the originally S-
polarization based detector can still control the standing wave phase and thus allows us to
try P-pol SW-TIRF. At the same time, the exploration of SPR by only replacing the
coverslip glass coated with metal showed significant signal enhancement while
suppressing the background. The unique nature of SPCE gave an unexpected doughnut-
shape PSF. However, the seemingly wider PSF still carries its original spatial
frequencies of the typical PSF of the optical system and allowed us to apply SW-TIRF
algorithm to realize SW-SPRF microscopy with an additional deconvolution step. This
new methodology may opens a new way of imaging or sensing modalities with super-
high resolution and high signal-to-noise ratio due to still relatively unexplored nonlinear

behaviors of surface plasmon coupled emission.
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6. Summary and Future Directions

6.1 Thesis summary

The main theme of this thesis was to develop a wide-field super-resolution optical
microscopy methodology using sub-diffraction limit evanescent standing waves, with

faster imaging speed over point-by-point approaches.

To this end, for the first time, we

e Formulated the general imaging theory for one- and two-dimensional standing wave
total internal reflection fluorescence (SW-TIRF) microscopy.

e Designed, built and characterized a novel objective-launched SW-TIRF microscope.

e Devised a novel real-time feedback phase control circuit including an accurate phase
detector for the evanescent standing wave, a piezo-based actuator to control phase
shift and a micro-processor based PDI controller. Active phase control allows robust
operation of our experimental system.

e Demonstrated the super-resolution capability of objective-launch SW-TIRF by point
spread function measurements providing approximately 100 nm resolution.

e Applied SW-TIRF to imaging biological specimens revealing finer details of actin
cytoskeleton structures over conventional imaging modalities.

e Explored theoretically the effect of excitation polarization and confirmed that P-
polarization beams can form evanescent standing waves with enough contrast for
SW-TIRF algorithm.

e Studied and confirmed the surface plasmon-coupled emission (SPCE) based on
surface plasmon resonance by imaging both back focal plane and front focal plane.

e Found, inadvertently, the unique doughnut-shape PSF of surface plasmon resonance
fluorescence (SPRF) microscopy.

e Modeled the unique nature of SPRF microscopic image formation and explained the

observed PSF with vector field theory.
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o Invented a new imaging method, called standing wave surface plasmon resonance
fluorescence (SW-SPRF) microscopy, by combining SW-TIRF and SPRF.
e Demonstrated the enhanced resolution of SW-SPRF by PSF measurements and

provide a general theoretical comparison with SW-TIRF with polarization effect.

6.2 Future directions

6.2.1 Investigation of further resolution improvements

Seeking further enhancement in resolution should be the most exciting direction for this
project. It may require nonlinear modalities such as stimulated emission depletion
(STED) which as the potential of adding providing additional resolution improvement by
factor of 2 to 5, and multi-photon excitation can provide an additional favorable feature
such as suppressing the side-lobes of the original SW-TIRF PSF by an order of
magnitude(Hell and Wichmann, 1994; So et al., 2001). On the other hand, even higher-
resolution with significantly enhanced excitation field was implied using surface plasmon
based approach. By adapting nano-scale grating based launching techniques, SW-SPRF
may find new applications in biomedical sensing and imaging field (Raether, 1987; Tetz
et al., 2005).

From the perspective of point-spread function engineering, it has been shown that if the
excitation field is translatable, the high-frequency information can be extracted from a set
of images where the excitation fields have different displacement vectors. Since the
Fabry-Perot spectroscopy utilizes the multiple-beam interference and has been shown to
have higher resolving power than that provided by a grating monochromator. If one can
devise how to convert this high spectral finesse into spatial finesse, this can provide a
high spatial frequency containing periodic peaks with narrower than the diffraction limit

leading to the high resolution Fabry-Perot microscopy.
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6.2.2 New contrast mechanism using scattering mode of evanescent standing wave

The resolution of any imaging system depends on the signal-to-noise ratio which is
ultimately limited by the number of collected photons. For fluorescence methods, this
imposes an intrinsic limit to any approaches to improve resolution by decreasing the size
of PSF due to a reduction of fluorophores in the volume. In this regards, the non-
fluorescent or scattering version of SW-TIR a.k.a. standing wave total internal reflection

scattering (SW-TIRS) with novel metal nanoparticles may open up broader applications.

Since the photon scattering process is instantaneous instead of having a finite lifetime as
in fluorescence process, the signal photon production rate of metal nanoparticles in
biological system is only limited by heating processes and can be orders of magnitude
higher than fluorescence. This may provide enough signal-to-noise ratio for imaging.
Furthermore, there is no concern of photobleaching with metal nanoparticles. These
noble metal nanoparticles with very high scattering power may serve as fluorescent
analogs in biology for SW-TIR imaging although the imaging process is coherent rather
than incoherent as in typical fluorescence imaging (Yguerabide and Yguerabide, 1998a,

b).

6.2.3 Multi-color imaging modality using quantum dots for biological study

We are currently developing a real-time SW-TIRF microscope for live cell imaging with
multi-color capability. Semiconductor nanocrystals (quantum dots) may be suitable
chromophores for long-term live cell imaging because of their excellent photostability
and low photobleaching. Most importantly, different colors of quantum dots can be
efficiently excited at a single excitation wavelength eliminating the instrumental
complications of imaging using different colors and periods of standing evanescent

waves (Wu et al., 2003).
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However, quantum dots exhibits characteristic blinking behavior. This blinking could
interfere with SW-TIRF microscopy where precise intensity information is needed for
image reconstruction. This problem might be overcome by biochemical suppression
methods (Hohng and Ha, 2004). This development could allow the study of dynamic
processes of live cells such as cellular attachment or migration as well as endocytosis and
exocitosis(Beaumont, 2003), at super-diffraction limited resolution and single molecular

sensitivity.

6.2.4 Combination of image correlation spectroscopy and SW-TIRF

Interactions, distribution and movements of biomolecules are crucial in many processes
regulating life. Fluctuations of fluorescent emission contain information about molecular
associations and reactions. This information can be extracted from -correlation
spectroscopy techniques such as fluorescence correlation spectroscopy (FCS) or image

correlation spectroscopy (ICS) (Magde et al., 1974; Petersen et al., 1993).

In general, the signal to noise ratio of correlation spectroscopy is inversely proportional
to the number of particles in the focal volume. The novel SW-TIR based approach
described here can push this technique further with an order of magnitude smaller focal
volume of atto-liter by taking advantage of smallest evanescent excitation depth and
improved lateral resolution. In addition, an autocorrelation analysis of spatial (and
temporal) fluctuations so called ICS has emerged an attractive tool for biological imaging
study due to its capability of providing information of the dynamic receptor distribution,
aggregation and colocalization (Kulkarni et al., 2005). The use of high-resolution SW-
TIR method allow higher signal-to-noise to better quantify even smaller cluster size as
well as the study of molecules inside cells with higher concentration which was limited

with the conventional method.
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6.2.5 Application in the area of photolithography with high lateral resolution

Photolithography technology to pattern surfaces with high resolution has been the driving
force underlying the rapid development of semiconductor technology.
Among other approaches, laser interference lithography (IL) has been used extensively in
the past for the production of periodic sub-micron structures for a variety of applications
including interferometry, spectroscopy, metrological standards, and high density
magnetic memory. IL is performed by exposing a photo-sensitive resist to a sinusoidally
varying standing wave generated by the interference of two coherent monochromatic
plane waves. Exposing the resist by a standing wave can produce a periodic grating with
its periodicity determined by the wavelength and incidence angle of the interfering

waves(Bloomstein et al., 2006).

We propose a standing wave total interflection lithography (SW-TIRL) which is basically
the same as IL except the use of either total internally reflecting standing waves or
surface plasmon resonance enhanced standing wave. This new technique has the
potential to enhance the resolution of the gratings/grids further by the order of 50 nm and
features as small as 20-30 nm are possible using deep UV ArF excimer laser with

wavelength of 193 nm and high refractive index prism.
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96 Korea Advanced Institute of Science and Technology Taejon, Korea
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- Involved in developing fast-scanning two-photon microscopy for observing dynamic collapse of
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06 Sum Cambridge Devices (a medical devices startup) Cambridge, MA
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Lab TA of a semester course,” System Dynamics and Control” for undergraduate ME major
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98 — 01 Korea Air Force Academy, Department of Aerospace Engineering Chungbuk, Korea
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Military Service
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06 Jul Gordon Research Conferences on Lasers in Medicine and Biology Active Participant Award,
Plymouth, NH ($300 award)

06 Mar  Optical Society of America Biomedical Optics Topical Meetings Student Poster Award, Fort
Lauderdale, Florida (ranked in the top 3 presentations in the related category of presentation
with $500 NSF award)
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