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Abstract 

This dissertation presents a 2D cytometric technique for the study of light 

scattering from single scatterers. Compared with conventional ID cytometric 

technique, this method gives a better understanding of the light scattering 

mechanism and is more useful for cellular diagnostics. 

An integrated microfluidic optical waveguide cytometer is developed. This 

addresses many interesting interdisciplinary issues such as integration of laser 

optics with a liquid-core waveguide and single particle immobilization in a fluidic 

flow. The operation of this cytometer is validated by performing analyses on 

polystyrene microbeads. The all planar structures without the need for an optical 

lens between the scatterer and the sensor simplify both the experiment and 

theoretical modeling of the system. The obtained 2D scatter patterns allow 

identification of the location of 90 degree scatter. Good agreement between 

experimental spectra and Mie theory simulations is obtained. A Fourier method is 

developed for microsize differentiation. 

Finite-Difference Time-Domain (FDTD) simulations are applied in our 

cytometer to give 2D scatter patterns from biological cells. Experimental 2D 

scatter patterns are obtained from yeast and human Raji cells. These scatter 

patterns are compared with the FDTD simulations. Our results show that cellular 

microstructures generate fringes of scattered light, allowing the Fourier method to 



be applied to determine the yeast cell sizes. In the Raji cells the light scattered by 

the mitochondria dominates the scatter pattern, forming compact regions of high 

intensity that we term "small scale 2D structures". The analysis of these structures 

may ultimately be a useful diagnostic technique. 

Mitochondrial aggregation in single cells is studied by FDTD simulations. 

Small angle forward scattering is used to differentiate normal cell models from 

cancerous ones. Fourier spectra of the wide angle side scattered light show that 

the highest dominant frequency can be used to determine cell sizes, while 

mitochondria contribute to lower frequency components. 

In summary, we develop a 2D cytometric technique for the analysis of 

microscopic particles and biological cells. This technique has potential clinical 

applications such as detection of mitochondria-related diseases. With the 

advances of "lab-on-a-chip" techniques, a miniaturized inexpensive 2D cytometer 

can be of further interest. 
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Chapter 1 

Chapter 1 

Introduction 

Many diseases such as cancer result from defects in fundamental cell regulatory 

mechanisms, thus they are diseases that ultimately have to be understood at the 

molecular or cellular levels.1 However, this understanding is not easily achieved. 

For example, diffraction effects limit the resolution that can be obtained with 

conventional optical microscopy to dimensions of the order of the illumination 

light wavelength. Although an electron microscope has a very high resolution, 

the cell samples must be fixed, stained and thinly sliced.3 Furthermore, electron 

microscopy can only characterize the cellular structures at one moment in time.4 

A better understanding of cell biology requires that the cellular information be 

obtained in living cells, and preferably non-destructively. 

Bio-labels have been used to enhance the optical contrast for the study of 

cellular structure in vivo. Fluorophores5"8 and quantum dots9'10 are widely used 

bio-labels. The main drawbacks of the fluorescence technique include photo-

bleaching that will eventually transform the excited fluorophore into a non-

fluorescent product, and blinking (alternation of on-fluorescing and off-

fluorescing states).11 Although passivated semiconductor nanocrystals resist 

bleaching longer than fluorophores, they also bleach eventually.9 The more 

appealing labels are metal particles because they do not photo-bleach and do not 

optically saturate at reasonable exciting intensities.11' 12 These bio-labeling 
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Chapter 1 

techniques however are invasive to the living cells, and may change the cellular 

functions. 

Light scattering as a non-invasive, label-free technique can be used to obtain 

cellular information of living cells.13 Recent developments have shown that light 

scattering techniques are promising in precancerous detections.14'15 Scattered light 

has also been measured in dark field microscopy,16 confocal microscopy17"19 and 

optical coherence tomography (OCT)20'21 to obtain cellular information in vivo. 

The side-scattered light (large angle scattering), is measured in dark field 

microscopy, while in confocal microscopy and OCT the backward-scattered light 

is used. Such techniques demand a fundamental understanding of light scattering 

in biological tissues. 

Flow cytometry measures cells or particles in a fluid stream as they pass 

through a measuring apparatus.22 Light scattering measurements in a flow 

cytometer can be used to obtain cellular information in vivo/in vitro. The 

integration of light sources, detectors and microfluidic chips makes flow 

cytometry of interest to many fields such as laser optics, photonics and 

microfluidics.22"24 Furthermore, the recently-developed "lab-on-a-chip" (LOC) 

technology shows promise in developing miniaturized inexpensive flow 

cytometers. 5" Thus, the developments and measurements of light scattering in a 

novel flow cytometer will not only benefit the understanding of light scattering 

mechanism from cells or particles, but also have other potential applications in the 

biomedical field. 

1.1 Cell biology 

Biological cells are divided into two main classes, prokaryotic cells (bacteria) and 

eukaryotic cells, according to whether they have a nucleus or not. The prokaryotes 

lack a nuclear envelope and have diameters approximately 1 to lOum.1 A typical 

prokaryotic cell is Escherichia coli (E. coli). Most prokaryotes do not contain 

cytoplasmic organelles except for the many ribosomes (the sites of protein 

2 



Chapter 1 

synthesis). Unlike the prokaryotes, most eukaryotes contain a nucleus and are 

much more complex, with a variety of other cytoplasmic organelles. Eukaryotes 

are of more interest for better understanding the organelles in biological cells. 

Endoplasmic 
reticulum 

Figure 1.1 A cross section illustration of the representative components in a typical 
animal cell. 

Figure 1.1 shows an illustration of a typical eukaryotic cell. The largest 

organelle of a eukaryotic cell is the nucleus. The nucleus is the site of the 

deoxyribonucleic acid (DNA). Mitochondria contain their own DNA and are the 

sites for cell respiration. Other important organelles in a typical eukaryotic cell 

include lysosomes (for digestive enzymes), peroxisomes (for specific enzymes) 

and Golgi apparatus (to process and package proteins and lipids). Among all types 

of organelles, the nucleus and the mitochondria are widely studied for providing a 

better understanding of many diseases. For example, cancerous cells are 

characterized by an increased nuclear size.14' 15, 29 Mitochondria have been 

reported to serve as the central control point of apoptosis (a programmed cell 

3 
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death, key in better understanding tumors). There are also many other 

mitochondria-related diseases, such as Alzheimer's and Parkinson's.31 Thus, both 

the nucleus and mitochondria are of great interest in light scattering cellular 

measurements. 

Cell 

component 

Cytoplasm 

Nucleus 

Mitochondrion 

Lysosome 

Size 

(Diameter) 

10~30nm 

3—lOfim 

0.3~0.7nm 

0.2~A.5nm 

Refractive 

index 

1.38 

1.39 

1.42 

1.3785 

Volume ratio 

50-80% 

5-10% 

5-15% 

1-10% (including many other 

organelles) 

Table 1.1 Important eukaryotic cell components and their size, refractive index and 
volume ratio (see references in the text). 

As can be seen from Table 1.1, the nucleus and mitochondria are of different 

sizes (volume ratios) and refractive indices in eukaryotic cells compared with 

other organelles. Typically, the cell cytoplasm has a diameter of 10~30um, the 

nucleus has a diameter about 3-lOum, the mitochondrion has a diameter of 

0.3-0.7um, and the peroxisome and lysosome are approximately the same size of 

0.2-0.5um in diameter.1 The volume ratio (total volume of each cell component 

to the entire cell volume) of each cell component varies, but typically the cell 

cytoplasm occupies 50-80% of the total cell volume, the nucleus 5-10%, 

mitochondria 5-15%, and all the other organelles 1-10%.32 Although the values 

for the refractive index of each cell component are not definitive for different 

types of cells, typical cell cytoplasm has a refractive index of 1.38,33 nucleus 

1.39,34 and the mitochondrion 1.42.35 The nucleus and mitochondria can be 

differentiated from the cytoplasm and other organelles due to their typical 

refractive indices. As can be see from Table 1.1, the cell cytoplasm, nucleus and 

the mitochondria occupy a very large fraction of the total cell volume. All the 

other cell components occupy a very small volume fraction, and some of them 

4 



Chapter 1 

have a refractive index very close to the cell cytoplasm {e.g. the cell lysosome has 

a refractive index of 1.378536). Due to the small volume fraction and a refractive 

index that is comparable to the cell cytoplasm, the other organelles (lysosomes, 

peroxisomes...) will scatter light much more weakly compared with the cell 

cytoplasm, nucleus and the mitochondria. 

1.2 Current research involving light scattering from 
particles and biological systems 

1.2.1 Theoretical approaches 

Light scattering occurs when light propagates through a medium in which there is 

a variation in refractive index. For the case of light propagation in a typical 

biological cell, the variations in the refractive index have a spatial scale of the 

same order of the incident light wavelength or even smaller. Thus an 

electromagnetic approach has to be used to resolve light scattering from biological 

cells. The well-known Maxwell's Equations govern the light propagation in any 

medium. Analytical and numerical methods can be used to solve Maxwell's 

Equations in light scattering studies. 

Mie theory gives the analytical solution of light scattering from a 

homogeneous spherical scatterer excited by a plane wave.37"39 Mie theory can be 

simplified as Rayleigh scattering and Fraunhofer scattering for very small 

(scatterer diameter far less than the illumination wavelength) and very big 

(scatterer diameter far greater than the illumination wavelength) scatterers, 

respectively. ' Mie theory has been used as an approximation to study the light 

scattering from biological tissues, where the scatterer is assumed to be spherical 

and homogeneous. Recently, Mie theory has been applied to study coated-layer 

spheres although this model is still not accurate in real biological situations. As 

Mie theory demands a rigid solution of the boundary problems, it is invalid to use 

Mie theory for the light scattering from biological cells with arbitrary shapes and 

complex inner structures. 

5 
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Rayleigh-Debye-Gans (RDG) theory ' and the Wentzel-Kramers-Brillouin 

(WKB) method41'42 are commonly used as approximate analytical methods to 

solve light scattering from homogeneous particles with arbitrary shapes. However 

both methods are only applicable to the situations of light scattering from 

"optically soft" particles, that is, the relative refractive index magnitude of the 
•50 

particle to the surrounding medium is approximately equal to 1. Other 

disadvantages are that the RDG method has a limitation on the particle size 

compared to the incident wavelength, and the WKB method ignores the wave 

polarization effects. Furthermore, the RDG and WKB methods are impractical to 

solve light scattering from biological cells with complex inner structure. All these 

limit the applications of RDG and WKB methods in solving light scattering from 

biological cells. 

The light scattering from biological cells with arbitrary shapes and randomly 

distributed organelles require a numerical solution of the Maxwell's Equations. 

The T-matrix method43'44 and the coupled dipole method45'46 have been used to 

simulate light scattering from an inhomogeneous object. However the T-matrix 

method is usually used for symmetric particles, while the coupled dipole method 

is limited to particle size comparable to the incident wavelength, since the 

solution does not converge for large particles. 

Recently, the Finite-Difference Time-Domain (FDTD) method has been 

widely used to numerically determine light scattering from inhomogeneous cells 

with arbitrary shapes.47*51 The FDTD technique solves Maxwell's Equations both 

in spatial and temporal steps in the near field of the object. The near field data are 

transferred to the far field where most observations of light scattering are 

performed experimentally. Although computationally intensive, the FDTD 

technique is readily applied to arbitrarily inhomogeneous particles. The FDTD 

technique can be used to predict the light scattering from arbitrary biological cells 

with various randomly distributed organelles. 

6 
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1.2.2 Experimental approaches 

Measurements of fluorescence light and/or scattered light are commonly used to 

obtain cellular information.22 Compared with the fluorescence technique, light 

scattering measurements serve as a label-free non-invasive technique to probe 

biological cells. Recently, light scattering has attracted intensive interest in the 

experimental study of biological tissues and cells. 

The single scattering technique has been used to obtain nucleus information in 

biological tissues.14'I5'52 Polarized light scattering spectroscopy has been used to 

distinguish between single backscattered light and multiply scattered light.52 The 

size distribution of the cell nuclei and their refractive indices can be obtained via 

this technique. An alternative method of angle-resolved low-coherence 

interferometry has recently been developed to obtain nucleus size distributions.4 

All the above analyses are based on the comparisons between experimental results 

and Mie theory simulations. However, most biological cells (with arbitrary shapes) 

contain not only nuclei but also many randomly distributed organelles. The more 

accurate FDTD method needs to be adopted for a better understanding of light 

scattering from these biological cells. 

Goniometric measurement of light scattering has been applied to obtain 

information from biological systems involving multiple scattering.53 The obtained 

experimental results are compared with FDTD simulations. The scattering 

properties are strongly influenced by cellular biochemical and morphological 

structures. Results have shown that mitochondria are responsible for scattering at 

large angles, whereas nuclei are responsible for small angle scattering.13' 47' 50 

However, the obtained one-dimensional (ID) scatter angular distribution and the 

lack of comparisons with more accurate simulations (e.g. 3D FDTD simulation of 

biological cells with randomly distributed organelles) limit such an understanding. 

The measurements of 2D light scattering in the side scatter or wide angular ranges 

can help to provide a better understanding of organelles in biological cells through 

comparisons with theoretical simulations. 
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1.3 Specific aims 

The main goal of this project is to develop an integrated cytometer that can obtain 

2D light scattering patterns from single scatterers in a microfluidic flow. By 

comparing the experimental results with Mie theory and FDTD simulations, we 

aim to achieve better understanding of the light scattering mechanism from single 

particles and biological cells. 

This cytometer must address the many challenging issues in current light 

scattering research field such as single particle manipulations, light sources, 

detectors, and wide angle 2D light scattering measurements. Since theoretical 

simulations of light scattering are important to validate the experimental 

measurements, the integrated cytometer will be specifically designed to simplify 

the light scattering simulations of this apparatus. 

The correct operation of this integrated cytometer will be validated by 

comparing light scattering experimental results with analytical simulations. 

Specifically Mie theory is used to confirm the light scattering measurements that 

are obtained with different sizes of polystyrene beads in the developed cytometer. 

The FDTD code will be applied to simulate light scattering in the integrated 

cytometer from inhomogeneous scatterers that can not be described using 

analytical Mie theory predictions. The application of the FDTD code must address 

the challenging of transforming the far field scattered intensity onto a plane 

surface 2D CCD detector. 

Light scattering experimental measurements on biological cells will be 

performed with the integrated cytometer. The experimental data will be compared 

to FDTD simulations for better understanding of light scattering mechanism from 

biological cells. The contributions on the light scattering patterns from different 

cellular components will be studied. 

The light scattering technique has the potential to differentiate diseased cells 

from normal cells. The mitochondrial distribution effects on the light scattering 
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patterns will be studied for the differentiation between normal cell models and 

cancerous cell models. 
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Chapter 2 

Light scattering study from Mie 
theory to FDTD 

2.1 Introduction 

The physical origin of light scattering can be envisioned in a macroscopic 

approach as the incident fields inducing electric and magnetic multipoles that 

oscillate, and hence radiate in all directions, producing a "scattered" wave. In 

terms of the index of refraction, light scattering occurs when there is a spatial 

variation of the index of refraction that is seen by the propagating light. Analytical 

or numerical approaches can be used to solve Maxwell's Equations to obtain a 

solution to light scattering problems. 

Mie theory gives the exact analytical solution for light scattering from a 

homogeneous isotropic spherical scatterer excited by an incident plane wave. " 

Mie simulation has been compared with the measured scattered light from a 

spherical bead.4'5 Mie theory is also often used as an approximation for the light 

scattering from biological cells.4'6 Recently, Mie theory has been used to obtain 

nucleus size information in tissue.7'8 However, due to the complex inner structure 

of a biological cell, there are no convincing experiments that have shown that Mie 

theory can be used to accurately predict single cell light scattering measurements. 

The FDTD method can be used to obtain accurate numerical solutions of light 

scattering from biological cells.9"13 Owing to advancements in computational 
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technology, the FDTD technique can be used to perform studies of light scattering 

with a space step of nanometers. Researchers have performed FDTD simulations 

on various biological cell modes, and the effects of organelles on the light 

scattering spectra have been studied.9' 10' 12 Mie theory has been used for the 

validation of these FDTD codes.9"11 

A numerical simulation code named "AETHER" has been developed in our 

group to perform FDTD simulations of light scattering from biological cells.10 

The validation of AETHER by using Mie theory results is performed over the full 

polar angle range and the small scatterer size cases in this chapter. The code that 

was used to perform Mie theory simulations is validated by published data from 

other groups over the full angle range. Due to the fundamental importance of Mie 

theory and the FDTD method in light scattering studies, brief overviews of their 

theoretical backgrounds are introduced in chapter 2. The computational 

considerations of FDTD method are also discussed. 

2.2 Mie theory 

2.2.1 Theoretical background of Mie theory 

In a homogeneous, isotropic media, the time-harmonic plane waves satisfy the 

source-free Maxwell's Equations: 

V-£ = 0 (2.1a) 

V-/7 = 0 (2.1b) 

VxE = ia)MH (2.1c) 

VxH = -iaeE, (2. Id) 

where co is the angular frequency, // is the permeability, and e is the permittivity. 

In this study of light scattering from a single scatterer (section 2.2), the field 

inside the scatterer is denoted by (Ex , Hx). The total field in the medium 

surrounding the scatterer is denoted by (E2,H2), which is the superposition of the 

incident field ( El , Hi ) and the scattered field ( Es , Hs ), where 
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Et = E0 exp(ik • z - iat) , Ht = H0 exp(z'& • z - icot) , and k is the wave propagation 

vector, and k2 = a>2e/u . 

The light scattering geometry is shown in Fig. 2.1 where k, and ks define the 

scattering plane. If the incident wave has a polarization that is either perpendicular 

or parallel to this plane, so does the scattered wave.1 The relationship between the 

incident and scattered fields is conveniently written in a matrix form. For 

spherically symmetric scatterers, 

Jk(r-z) 

-ikr 

0 

0 S, 
\J \

Enj 
(2.2) 

where Sx and S2 are the elements of the scattering amplitude matrix, || denotes 

the polarization parallel to the scattering plane, and 1 denotes the polarization 

perpendicular to the scattering plane. If /,. is the incident flux, the scattered fluxes 

in terms of the different polarizations are, 

Xsl , 2 2 li 
kArA 

/ . ,= -
klrl 

' 2*V ' 

(2.3a) 

(2.3b) 

(2.3c) 

Here (2.3a) is for a perpendicular polarized incident beam, (2.3b) is for a parallel 

polarized incident beam, and (2.3c) is for an unpolarized incident beam. The 

scattered polarized intensities for perpendicular and parallel polarization are 

defined by /, =|Si|2 and i2 =\S2\ , respectively. The objective of the analysis that 

follows is to give analytical solutions for Sx and S2. 
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Figure 2.1 Light scattering geometry for a single scatterer. The incident wave propagates 
along the +z direction, the scattered wave has a polar angle 6 and an azimuth angle <p as 
shown in the figure. (r,6,q>) defines the spherical coordinates. The spherical scatterer 
with a radius a is centered at the origin. 

The time-harmonic electromagnetic field ( E,H ) in a linear, isotropic, 

homogenerous medium satisfies the wave equations, 

V2E + k2E = 0 

V2H + k2H = 0. 

We define two vector functions in spherical polar coordinates, 

M = V x (r y/) 

N = . 

(2.4a) 

(2.4b) 

(2.5a) 

(2.5b) 

M and N satisfy the wave equations (2.4) and have all the required properties of 

an electromagnetic field. The scalar wave equation in spherical polar coordinates 

is, 
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=2. 

——(r2 — ) + — (sintf-^-) + — hr + kV = 0 . (2.6) 

r2 dr dr r2 sin# d0 68 r2 sin6 dip2 

By separation of variables, iy(r,0,<p) = R(r)&(0)<l>(<p), the solutions for (2.6) can be 

constructed as 

¥emn =Cos(m<p)P„m(coSd)z„(kr) (2.7a) 

¥omn = sm(m<p)Pn
m(cos0)zn (kr), (2.7b) 

where subscripts e and o denote even and odd numbers, w = 0,l,2,--- , 

n = m,m + l,---. sin(m )̂ and cos(w^) are the azimuth functions, P™{cos6) are the 

associated Legendre functions as solutions to &(0), and zn(kr) is any of the four 

spherical Bessel functions as solutions to R(r): 

J»(p) = Jfjn+u2(P) (2.8a) 

n„(p) = J^Nn+U2(jj) (2.8b) 
V2/> 

fil)=jn(p) + inH(p) (2.8c) 

4,2)=J„(p)-i>h,(P), (2.8d) 

where p = kr. Equations (2.8c and 2.8d) are the spherical Bessel functions of the 

third kind (spherical Hankel functions). Now the vector spherical harmonics 

generated by y/emn and \j/omn can be given as 

Memn = Vx (f¥emn), Momn = Vx{f\i/omn) (2.9a) 

*/• V X Memn xr V X Mom" (1 QrA 
"emn , ' ly omn , • \*--JXJ) 

From now on, superscripts will be appended to the functions M and N to denote 

the kind of spherical Bessel function z„as ordered in Equation 2.8. For example, 

(1) denotes j„(p), and (3) denotes h(^(p). 

A plane wave can be expanded in vector spherical harmonics as 

Ei-E^f^-iM^-iN^). (2.10) 
ipt «(«+i) 
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The corresponding incident magnetic field is obtained from the curl of (2.10), 

H^—E^f^iM^iNl). (2.11) 

Thus, expansion of the field (EX,HX) can be given as 

E^E^f^^icMl-idMl) (2.12a) 

" , ^ ^ " ^ ^ ^ + * > « ) • (2.12b) 

Similarly, the expansion of the scattered field is given by 

Es =E0^i"^L(iaMl-ibM\l) (2.13a) 

H^±E0±i"^^(ibnN2+a„M2)- (2.13b) 
«// ^ «(« + l) 

It is convenient to define the angle dependent functions, 

Px dPx 

sin 6 dO 

We can write the vector spherical harmonics (2.9) (with m = 1) in the expansions 

of the internal field (2.12) and the scattered field (2.13) in a concise form, 

MoXn =cos((p)7rn(cos8)zn(p)0-sm(<p)Tn(cos9)zn(p)<p (2.15a) 

Ku = -sH<P)x„(cos0)z„(p)S-cos(<p)r„(cosd)zn(p)<p (2.15b) 

NoXn = sm((p)n{n + l )s in^„(cos6>)^^r + s i n ( ^ ) r „ ( c o s 0 ) ^ ^ M 
P P 

+ cos((P)nn{cos6yPZ"{p)> q> (2.15c) 
P 

NeXn = cos(<p)n(n + l)sinftr IX(cos^)^^r + cos(^)r„(cos^)^Z"(/3^ § 
P P 

- s i n ( ^ K ( c o s ^ ) ^ Z " ( ^ 0 . (2.15d) 
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We now address how various observable quantities vary with the size and 

optical properties of the scatterer and the surrounding medium. In order to do so 

we need to obtain expressions for the scattering coefficients an and bn, and the 

coefficients c„ and d„ for the inner field. These coefficients are obtained from the 

boundary conditions at r-a, where the tangential components are continuous, 

Ei6 + Es6 = Ew , Ei<p + ES9 = El9 (2.16a) 

Hie + HsB = H\e' Hi<p + Hs<p =H\v (2-16b) 

Solving the boundary conditions (2.16) gives the internal coefficients, 

thJn(X)[xh™(*)]' - M^ (*)[*/, (*)]' 
c„ =-

Mj„(mx)[xh^(x)] -juh™(x)[mxj„Ox)]' 
(2.17a) 

Mi">j„(x)[x^°(x)] -^mh^{x)[xjn{x)l 

fim2jn(mx)[x^!)(x)] - j^hf (x)[mxj„(mx)]' 

and the scattering coefficients, 

/um2jn(mx)[xjn(xj\-/ujn(x)[mxjn(mx)\ 

^m2jn{mx)yxh^{x)^ -/u$\x)[mxj„{mxj\ 
(2.18a) 

, thh(mx)[xjn(x)]' -MJn(x)[mxjn(mx)] 
bn= ±- l- i—, (2.18b) 

thin(mx)[x^(x)\ -M«1}(x)[mxjn(mx)] 

where x is the size parameter and m is the relative refractive index. 
x = ka = , m = — = —L , where N, and N are the refractive indices of the 

X k N ' 

scatterer and the surrounding medium, respectively. The incident wavelength in 

vacuum is given by A. The scattering coefficients (2.18) can be simplified by 

introducing the Riccati-Bessel functions, 
rj(p) = PJ„(p)^(p) = P^\p). 

If we take the permeability of the scatterer and the surrounding medium to be the 

same, then 
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a = mrln (OTX)?7" ( X ) ~ V* (xti» (OTX) (2 19a) 
mr]n (mx)gn (x) - £, (x)rj„ {mx) 

b _ TJ„ (mx)rjn (x) - mrin (x)rj„ (woe) ^ (2 19a) 

In (mx)L 0 ) - " < (X)T}„ (mx) 

By substituting Equations (2.15) and (2.19) into Equation 2.13, the matrix 

elements S{ and S2 can be given as 

„«(« + !) 

5 ^ S T T T T ^ 7 « + ^ ^ ) > (2-20b) 
„«(« + !) 

where ^„ and r„ are given by Equation 2.14. 

2.2.2 Full angle validation of our Mie code 

A FORTRAN code has been used in our group to perform Mie theory 

simulations.10 Here this Mie code is compared with published data in the full 

angular range. The Mie simulated data was first normalized by I0, the intensity at 

the polar angle 0 degree. A logarithm was then applied to the normalized data to 

show the full angle intensity variations (note the several order intensity variations), 

which gives an intensity of 0 at polar angle 0 degree in the logarithm scale. This 

normalization (by a constant) and logarithm (for better visualization) method has 

been widely used in wide angle ID light scattering comparisons both in theories 

and experiments.4'5'10'12J4-16 

Figure 2.2 shows one example of such a comparison. The homogeneous 

spherical scatterer in the published article11 has a radius of 2.655 îm with a 

refractive index of 1.402 + /1.6804x1 (T5, while the surrounding medium has a 

refractive index 1.35. The incident wave has a wavelength of lum. We perform 

our Mie code on the same constants, and give the comparison as shown in Fig. 2.2. 

In Fig. 2.2, both results are the averages of the perpendicular and parallel 

polarization intensity distributions in the full polar angle range of 0-180°. From 
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Fig. 2.2, we find that our Mie code simulation agrees well with the published 

result in the full polar angle range, with a maximum intensity variation around 1%. 

•» - H 

o 

J. Q. Lu, ef. a/., J. Biomed. Opt., 2005 
Our Mie code simulation 

20 40 60 80 100 120 140 

Scatter polar angle (Degree) 

160 180 

Figure 2.2 Validation of our Mie code in full angular range. 

2.3 FDTD method for light scattering simulations 

2.3.1 Theoretical background of FDTD light scattering simulation 

2.3.1.1 Yee's algorithm 

Yee's FDTD algorithm solves for both the electric and magnetic fields in time and 

in space by using the coupled Maxwell's curl equations rather than solving for the 
1 7 

electric (or the magnetic) field alone. The electric and magnetic components are 

centered in three-dimensional space so that every electric component is 

surrounded by four circulating magnetic components, and every magnetic 

component is surrounded by four circulating electric components as shown in Fig. 

2.3. Continuity of the tangential electric field and magnetic field is naturally 
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maintained. The locations of the electric field and magnetic field components in 

the Yee grid and the central difference operations on these components implicitly 

enforce the two Maxwell's divergence equations.18 The electric field and 

magnetic field are centered in time in what is termed a leapfrog arrangement. 

(ij,k) 

l i. 

Hy 

">^z> {/ ' . 

: v 

L+ 

Hx 

X 
c 

w, 

y 
• 

Hv (ij + lk) 

x 

Figure 2.3 Electric and magnetic field vector components in the Yee space lattice. 

The Maxwell's curl equations in a source-free medium read, 

dH 1 
-VxE dt fi 

dt e 

(2.21a) 

(2.21b) 

In the 3D rectangular coordinate system (x,y,z), the two curl equations can be 

written as: 

dt ju dz dy 

dHy_i^dEz dEx) 

dt n dx dz 

(2.22a) 

(2.22b) 
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a£. = I(«L-^) (2.22c) 
dt ju dy dx 

^=_l(^_^) (2.23a) 
dt s dz dy 

dt e dx dz 

dE 1 dH dHv 

^r=-L<hr—^r)- (2-23c) 
dt s dy ox 

Yee defines a uniform, rectangular lattice as 

(i,j,k) = (iAx,jAy,kAz), (2.24) 

where Ax , Ay , and Az are the grid spacings in x , y , and z directions, 

respectively. Any function u of space and time can be denoted as 

u"j,k = u(iAx,jAy,kAz,nAt), (2.25) 

where At is the time spacing, and n is the time index. The first partial space 

derivative of u in the x direction (similarly in the y and z directions), at a fixed 

time tn = nAt is given by 
^Ui,j,k Ui+V2,j,k~Ui-\/2,j,k /T o/:\ 

—i— = J— J—, (2.26) 
ox Ax 

and the first partial time derivative of u at a fixed space point (i,j,k) is, 

0UiJ,k =
 ui,j,k ui.j,k Q Y]\ 

dt At 

By substituting the first partial space and time derivatives of u into (2.23), and 

TT in+1/2 TT i n -1 /2 

using a semi-implicit approximation (for example, Hx |"M= x hJ'k x ,,J,k ), 

we obtain the six coupled explicit second-order accurate finite difference 

equations: 

\t F I" —F \" F \" -F \" 
TT W+l/2 _TT IB-l/2 . A ' ^ y li,y,*+l/2 ^ lf,y,*-l/2 -^z l/,y+l/2,t ^ z \i,j-V2,k •. ,~ Ogq") 

X >l, J,K X U, /,fi V i i / V * / 
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. , p I" _ r |» F \" —F\" 
TT in+1/2 TT in-1/2 , A? / f i z l/+l/2,;,t fiz lj-l/2,y,t ^ * \i,j,k+U2 ^x \i,j,k-\l2 N ^ 0 OOIVV 

^U=^U +—( ^ Xz } (2>28b) 

TT in+1/2_ TT 10-1/2 Af / » UJ+l/2,k r'x\iJ-l/2,k ^y U+U2,j,k ^y U-l/2,j,k ^ (T 2 8 d 

Mij,k Aj Ax 

. TT in+1/2 _TT in+1/2 r r in+1/2 _TJ in+1/2 
F |»+l - F \" I A ' f z ' ' - / + 1 / 2 >* z l|-,j-l/2,t ^ y li,M+l/2 ny\i,j,k-\l2s /"2 29a") 

. TT in+1/2 _ r r in+1/2 u in+1/2 _ TT in+1/2 
/7 l"+1 _ 77 I" A< A , 1/^^+1/2 " j l»J,ft-l/2 nz\i+\l2,j,k n z \i-l/2J,k s ,~ -}Q-L\ 

' ' ^Z ^ Ax J l " } 

. TT in+1/2 _TT in+1/2 zj- in+1/2 _ r r |n+l/2 
77 |«+1 _ p |« Af J l j , |/+l/2J,t ny\i-U2,j,k nx\i,j+i/2,k nx\i,j-V2,k, ,~ 2Q s 

*••,;,* A * Ay 

2.3.1.2 Incident light consideration 

The total-field/scattered-field (TF/SF) technique is used to apply the incident field 

and to compute the scatter patterns.18 From the linearity of Maxwell's Equations, 

we have 

Etot=Einc+Escat (2.30a) 

Htot=Hlnc+Hscal. (2.30b) 

The total field is calculated inside the TF/SF interface (Figure 2.4). Outside the 

TF/SF interface, only the scattered field is calculated. Therefore, values of the 

incident light are required only on the TF/SF interfaces to connect the total field 

domain and the scattered field domain. Thus computer storage is minimized. 
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Figure 2.4 The geometry of the FDTD computational domain. 

Since the incident field can be specified analytically on the TF/SF interface, 

the TF/SF technique allows the FDTD method to be used for arbitrary incident 

fields. In this work we will be interested in the interaction of laser light with the 

scatterer. In order to avoid high-frequency components that may be introduced by 

a sudden onset of the incident wave, the Hamming function is used for describing 

the magnitude of the startup of the incident light:10 

g(f) = 0 , i f f<0 

g(t) = 0.5 - 0.5 cos(;tf / AT), if 0 < t < AT 

g(t) -1, otherwise 

where AT denotes the startup time. In our calculation, AT is selected to be nl a, 

where co is the angular frequency of the incident light. 
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2.3.1.3 Grid consideration 

While performing the FDTD simulations, the stability condition must be 

considered,18 

»< I, , ', » • <231) 
c ( T + T + T 
V (Ax)2 (Ay)2 (Az)2 

where c is the incident light speed in vacuum, Ax , Ay and Az are the grid 

spacings, and At is the time step size. 

When the grid spacings are the same in all directions as denoted by S, the 

stability condition can be simplified, 

fsVF' <232) 

where N is the number of spatial dimensions. The grid spacing is suggested to be 

less than A/10 to yield accurate results.18 If a wavelength of 632.8nm is used, the 

maximum suggested grid spacing is 63.28nm. According to the stability condition 

in (2.32), this grid spacing gives a maximum time step of 0.122 femtosecond for a 

3D problem. 

2.3.1.4 Absorbing boundary conditions 

FDTD computations can only be conducted in a limited spatial domain, although 

light actually travels in an unbounded space. Without appropriate boundary 

conditions, the scattered waves would be artificially reflected at the boundaries, 

which would lead to inaccurate results. Absorbing boundary conditions (ABCs) 

such as Mur boundary condition,19 Liao boundary condition,20 and "perfectly 

matched layer" (PML) boundary condition ' have been used to suppress the 

spurious reflections of the outgoing numerical waves, permitting FDTD solutions 

to be valid for all time steps. 
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Mur introduced a simple and successful finite-difference scheme for the ABCs. 

As an example of the first-order Mur boundary condition, the Ez component at 

x = 0 can be written as 

Ez\tj,k --Ez\\~j,k + A t , c. (Ez\ "Cj,k + Ez l~],k ) + . , , x (Ez \l,j,k + Ez\ "\J,k ) • (2.33) 
I >J> i . J . cAt + S i J i cAt + d ' ' 

The second-order Mur boundary condition can be used to give a more accurate 

result. 

Liao et al. proposed an ABC that has a reflection coefficient (1% or less) that 

is approximately one order of magnitude less than that of the second-order Mur 

ABC. The Liao boundary condition uses a backward-difference polynomial to 

interpolate the filed values Uj (j = l,2...N) at the boundary. Consider an outer grid 

boundary located at xmax, the mth backward difference can be written as 

m+l 

Amu(t,xmax -acAO = X(- 1 ) J + 1 ^>[/ - (y- l )A/ ,x m a x -jacAt], (2.34) 
7=1 

where a is a scaling factor ( 0 < a < 2), the coefficient CJ is, 

Cm - — (2 35) 
1 (m-j)\j\' 

For example, if a = 2, cAt = S/2and TV = 3, the Liao boundary condition can be 

given as 

w3 -u(t-2At,xmiiX -3d) (2.36a) 

u2 = u(t- A/,xmax -28) (2.36b) 

w,=w(/,xmax-<y). (2.36c) 

The PML boundary condition reduces the artificial reflection at the boundary 

by several orders of magnitude compared with Mur and Liao ABCs. In the PML 

boundary condition, an artificial material region surrounding the scatterer is 

created which has both electrical conductivities and magnetic losses. Each field 

component in this region is split into two parts, resulting in a total of 12 field 

component in 3D. Although the PML boundary condition improves the artificial 
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reflection significantly, it requires larger computational storage and is more 

complicated to implement compared with Mur and Liao ABCs. 

In this work, the Liao boundary condition is used due to its improved 

performance over the Mur boundary condition, and the less computational storage 

memory requirements as compared with the PML boundary condition. 

2.3.1.5 Near-to-far-field transformation 

The FDTD method computes the fields in a region around the scatterer that lies in 

the near field. However most light scattering measures the far field scattered light. 

To determine the far field scattering pattern, the near field data is transformed 

from time-domain to frequency-domain by using the discrete Fourier transform 

(DFT). The technique of equivalent electric/magnetic currents is used to calculate 

the scattered field at a distance by using the near field data.18 

The radiation source inside the near-to-far-field interface can be equivalently 

represented by virtual electric currents Js and magnetic currents Ms, which are 

defined on the near-to-far-field surface (S), 

Js(r') = hxH, Ms(r') = -hxE (2.37) 

where 7' is a point on the surface, and h is a unit vector normal to S. In spherical 

coordinates, the far field electric and magnetic field components are given by, 

Er = 0 (2.38a) 

Hr = 0 (2.39a) 

" » = - ^ * V - ^ . > (239b) 

JUM-Jtr) (N jl ( 2 3 9 c , 
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where k is the wave propagation number, and scalar r is a point in the far field. 

The vector potentials N and L are defined as, 

N= \\(xJx+yJy+zJz)exv(jkr'cos<£>)dS' (2.40a) 
s 

L = \\{xMx + yMy + zMz)exv(jkr'cos<l>)dS' (2.40b) 

s 

where <D is the angle between the equivalent near field source point r' and the far 

field point r (Fig. 2.4), and r'cos<t> = x'sin<9cos^ + j/sin<9sin<p + z'cos# . Once the 

scattered field components are known, all quantities about the far field light 

scattering can be described. For example, the far field scattered light intensity can 

be given as, 

I(d,<p) = ±Re(EeH;) + Ue(-EyH;) (2.41) 

2.3.1.6 Computational considerations 

In this work, the scatterer is modeled by assigning values of e and ju at different 

positions. The FDTD method is implemented in a FORTRAN 90 code running on 

Silicon Graphics Inc. (SGI) parallel computers. 

The memory requirement of a program depends on the size of its important 

arrays. In the AETHER FDTD code, we declare 8 arrays of double precision type, 

6 for the field components and 2 for e and ju, each with approximate dimensions 

(nx, ny, nz). As such, the memory needed for these arrays would be the product 

of, 

nxxnyxnz... number of elements in each array, 

8 size (in bytes) of one array element, and 

8 number of arrays. 

For the simulation of a lOum cell in radius, if the grid spacing is chosen to be 

20nm, the program would require about 64GB of memory. 
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2.3.2 Validation of our FDTD code 

2.3.2.1 Full angle validation of our FDTD code 

The validation of the AETHER FDTD code was performed by comparing the 

FDTD results with Mie simulation results. FDTD and Mie simulations for a 

spherical cell of size 1.5 urn (radius) with a refractive index 1.3 are performed. 

The surrounding medium is assumed to have a refractive index 1.0, and the 

incident wavelength A is assumed to be 0.6328um. For the FDTD simulation, a 

space step of XI20 is used. Figure 2.5 shows the perpendicular polarization 

results from both the FDTD and Mie simulations. The FDTD results agree well 

with the Mie results especially in the angular range from 0 to 10 degrees, with a 

maximum intensity variation around 3%. The larger difference caused in 

backward scatter angular range (160 to 180 degrees) is mainly due to the artificial 

reflections.10 

1 — ' — i — ' — i — ' — i — ' — i — ' — i — ' — i — > — i — " — i — < — | 
0 20 40 60 80 100 120 140 160 180 

Scatter polar angle (Degree) 

Figure 2.5 Full angle validation of our AETHER FDTD code. 
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2.3.2.2 Small size validation of our FDTD code 

The characterization of organelle information in biological cells is of great interest 

in FDTD light scattering simulations. The organelles in a biological cell have size 

variations from nano scale to micro scale. The accuracy of FDTD method when 

applied to nano scale cases is validated in Fig. 2.6. The assumed spherical 

organelle has a radius of 250nm, and a refractive index 1.38. The surrounding 

medium has a refractive index 1.334. The wavelength of the incident laser 

illumination is 632.8nm. As shown in Fig. 2.6, our AETHER FDTD simulation 

for a nano scale organelle agrees well with the Mie theory simulation over the full 

polar angle range of 0~180°, with a maximum intensity variation around 6%. 

o 

3 

4 -1 <n 

C -2 

*o 
0> -3 
O 
_l 
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Scatter polar angle (Degree) 

Figure 2.6 Small organelle size validation of our FDTD code. 

2.4 Conclusions 

Codes have been developed by our group for implementing Mie theory 

predictions and the FDTD method for light scattering studies. The Mie code can 

33 

• FDTD, 250nm organelle 
Mie theory 

- 1 1 1 1 1 . 1 1 1 - T — • — r 



Chapter 2 

be used to give analytical solutions for spherical scatterers, while the AETHER 

FDTD code can be used for numerical solutions of light scattering involving 

complex biological cells. Validation of Mie code was performed over the full 

angular range by comparing results with published data from other groups. The 

good agreement between FDTD and Mie simulation results over the full angular 

range and for small organelle sizes shows the promise of the use of AETHER for 

predicting light scattering from biological cells. 
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Chapter 3 

An integrated microfluidic 
planar waveguide cytometer 

3.1 Introduction 

Flow cytometry allows characterization of single particles and biological cells in a 

stream of fluid. This technique has applications in the fields such as cellular 

biology and biomedical applications. A procedure for obtaining 2D wide angle 

light scattering patterns from a single scatterer is of great interest in cytometry. It 

has been reported that the scattered light distribution (over polar angle range) 

contains specific cellular information. ' For example, the nucleus (the largest 

organelle in a cell) is the main contributor to scattered light at small angles.3'4 

Numerous studies indicate that nano-scale structures such as mitochondria within 

a cell play an important role in the observed side-scatter spectra.3"6 Furthermore, 

the azimuthally-distributed light scattering contains information about organelles 

inside biological cells. Limitations with conventional cytometry in obtaining such 

rich information are due to the limited angular range that can be detected and/or 

the lack of 2D scatter patterns. 

The "lab-on-a-chip" (LOC) ' techniques have recently be applied in the 

development of new flow cytometers.9 This requires the shining of laser light into 

the microchannel to illuminate the scatterers. A direct method for coupling a beam 

into a slab waveguide is "end-fire" coupling.10 This technique requires that the 
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waveguide has clean edges, and that the incident beam be well focused and 

positioned. Available light scattering measurements also have used a fiber to 

illuminate scatterers in a tank.4 Micro fabrication technique have also been used to 

shine light into a micro channel for light scattering illumination via a micro-

fabricated tapered structure waveguide.11 

There are many other issues that need to be addressed for better light 

scattering measurements in flow cytometry. This includes the alignment of the 

single scatterer and the detector in a bulk system, which make it difficult to induce 

and detect side-scattered light, and the lack of an effective method to trap or 

otherwise to immobilize the single scatterer in a microfluidic flow. Although 

researchers have resorted to short integration times (500ns) in order to obtain 

single scatterer light scattering spectra in a fluidic flow,12 short integration times 

however require high quality detectors and high power lasers. 

We aim to develop an inexpensive cytometer that can resolve the above 

challenges in cytometry. In chapter 3,1 will try to address all the above mentioned 

issues for the development of a novel cytometer. A UV-curable epoxy edge 

bonding method for microchip fabrication is developed. A prism coupling 

technique is described to couple laser beam into a liquid-core waveguide 

cytometer. A method for immobilizing a single scatterer in a fluidic flow is also 

developed. Finally, the integration of the microfluidic planar waveguide 

cytometer in a laser safety dark room is described. This cytometer can be further 

developed as a miniaturized handheld cytometer with the advancements in LOC 

techniques. 

This chapter is based on a recently accepted journal paper by X. T. Su, et a/.,13 

and a recently published Proceedings of SPIE paper by X. T. Su, et al.u 
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3.2 From a hemispherical lens cytometer to an integrated 
microfluidic planar waveguide cytometer 

As a first step, our group has previously developed a hemispherical lens cytometer 

for the purpose of obtaining 2D scatter patterns.15 Figure 3.1(a) shows the 

experimental setup of the hemispherical lens cytometer, and Fig. 3.1(b) is a 

schematic cross section of this cytometer. The rationale for using a hemispherical 

lens for collecting the scattered light was to enable one to observe very wide angle 

2D light scattering patterns. As can be seen from Fig. 3.1(b), for a digital camera 

at a certain distance d from the superstate, the hemispherical lens bends the 

scattered light to its central line. Without the hemispherical lens, the large angle 

scattering will be out of the numerical aperture of the digital camera. In this 

hemispherical lens cytometer, a prism-coupling technique has been used to 

illuminate the scatterers. This prism-coupling technique will be explained later in 

this chapter. The light scattering from a scatterer can be collected by the 

hemispherical lens, and 2D light scattering patterns can be obtained by using the 

digital camera. By using this hemispherical lens cytometer, 2D backward 

scattered light patterns of 4 and 9.6um (diameter) polystyrene beads have been 

obtained. A more complete description about how this cytometer works can be 

found in our recently published work.15 
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Figure 3.1 A hemispherical lens cytometer capable of obtaining wide angle 2D light 
scattering patterns, (a), experimental setup of the hemispherical lens cytometer. (b), a 
schematic of the hemispherical lens cytometer. In this experimental setup, the light 
scattering is collected through a hemispherical lens, and 2D light scattering patterns are 
obtained by using a digital camera. 

The hemispherical lens cytometer has some serious limitations. The use of the 

hemispherical lens and the optical lens in the digital camera make the light 

scattering simulations in the experimental instrument complex, especially for 2D 

simulations. As we need to transform the 2D simulated far-field scattered light 

through the complex lens system onto a detector to compare with the 

experimental results. Secondly, there is no control of the scatterer position in the 

hemispherical lens cytometer, which cause difficulties in comparing the 

experimental results with simulations.15 Besides, the digital camera that is used as 

a detector limits the understanding of light scattering as compared with the high 

resolution 2D scatter patterns that will be shown in Chapter 4. Furthermore, wide 
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angle light scattering measurements can be better achieved with new experimental 

designs. 

The idea of using a CCD detector to obtain the 2D light scattering patterns is 

adopted to overcome some of the limitations of the hemispherical lens cytometer. 

If a single scatterer is positioned very close above a plane CCD, its wide angle 2D 

light scatter patterns can then be obtained by the CCD. Figure 3.2(a) shows the 

idea of using a CCD detector to obtain scatter patterns. In Fig. 3.2(a), the laser 

beam is prism-coupled into the glass chip (fabricated by bonding two Fisher glass 

slides), and a CCD detector is put in close proximity underneath the glass chip. 

However the design shown in Fig. 3.2(a) cannot be used to obtain light scatter 

patterns from single microbeads, since the strong laser beam propagating in the 

glass chip causes blooming of the CCD detector. 

The limitations of the earlier designs in which a CCD detector was used 

include large background scattering in the experimental design depicted in Fig. 

3.2(a) and the lack of an effective means of controlling the position of the 

scatterer in both the designs shown in Fig. 3.1(a) and Fig. 3.2(a). That is, we have 

no idea where the position of the single scatterer is relative to the detectors. This 

makes it difficult to determine the scattering angular range that will be obtained. 

To have better control of the experiments, an idea to simultaneously image a 

single immobilized scatterer and obtain its 2D scatter patterns was developed. As 

will be discussed later in Chapter 3, an Aluminum(Al)-coated glass slide with 

microsize observation windows helps to reduce the background light scattering. 

The microsize observation window helps in immobilizing a single scatterer in the 

microfiuidic channel. The methods developed for microfluidic chip fabrication 

and single scatterer immobilization in a fluidic flow are also of great importance 

to this project. The new developed experimental instrument sits on an optical 

bench in a dark room and is shown in Fig. 3.2(b). As compared with the 

experimental instruments shown in Fig. 3.1 (a) and Fig. 3.2(a), the use of an 

optical bench makes the new system more stable for immobilizing a single 
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scatterer in a fluidic flow and for light scattering measurements. The dark room 

not only serves as a control area but also helps to reduce the stray light from the 

surroundings. Figures 3.2(c) and (d) show the main differences between the 

experimental setups as shown in Figs. 3.2(a) and (b), where Fig. 3.2(b) is with a 

microscope and an Al-coated substrate. 
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Figure 3.2 Experimental setups for light scattering measurements, (a), the experimental 
setup to use a CCD to obtain 2D scatter patterns, (b), the experimental setup to 
simultaneously image a single scatterer and obtain its scatter patterns by using a CCD. 
The whole system of (b) sits on an optical bench in a dark room, (c) and (d) are the cross 
section schematics for the core parts of (a) and (b), respectively, to show the differences. 

The development and the integration of the microfluidic planar waveguide 

cytometer as shown in Fig. 3.2(b) will be discussed in the following sections in 

Chapter 3. 
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3.3 Microchip fabrication 

3.3.1 Fabrication of the aluminum-coated glass slides with micro-
size observation windows 

In order to improve the signal to noise (S/N) ratio of the designed cytometer, an 

aluminum coated glass slide with micro-size observation windows was fabricated, 

and this serves as the waveguide substrate. This thin Al film will block most of 

the noise (scattering from the scatterers not in the observation window, and from 

the waveguide structure) from being collected by the CCD detector. 

0.02 0.03 0.04 

Al film thickness (nm) 

0.05 

Figure 3.3 Simulation shows the Al film thickness needed to block most of the light at 
normal incidence. 

Simulations of the film transmission were performed by using the transfer 

matrix method.16 For the simulations, a planar waveguide was assumed containing 

a semi-infinite superstate of glass (refractive index 1.5), a layer of water with a 

thickness of 200um (refractive index 1.334), and a semi-infinite substrate 

(refractive index 1.47) coated with a layer of Al (refractive index 1.38 + /7.62)17. 

Figure 3.3 shows the transmission amplitude versus the Al film thickness for 
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normal incidence of a 632.8nm wavelength from the water to the Al-coated 

substrate. As shown in Fig. 3.3 we find that the transmission amplitudes are very 

small when the Al film thickness is greater than 25nm. A 45nm Al film blocks 

99% of the incident light even at an incident angle of 0° (Fig. 3.3). 

The fabrication of the Al coated glass slides used the techniques of sputtering 

and photolithography. Al was sputtered onto a 4 by 4 inch Borofloat glass 

substrate (Paragon Optical Company, USA) using a Lesker magnetron sputtering 

system (Kurt J. Lesker Company, USA). The film thickness measured by an 

Alpha-Step profilometer (KLA-Tencor, USA), is 45nm. A HPR 504 thin 

photoresist (Shipley Microelectronics, USA) coating was then spun onto the film 

side of the substrate using a Solitec spinner (Solitec Spinner, USA). The constants 

set for the spinner are: spread 500rpm for 10 seconds, and spinning at 4000rpm 

for 40 seconds. In order to remove the photoresist solvent and to promote 

adhesion of the photoresist to the wafer, the photoresist-coated substrates were 

baked in an oven for 30 minutes at 115°C. 

The mask used in the experiments was designed using L-Edit version 8.0 

(MEMS Pro, France). The mask pattern is shown in Fig. 3.4. The micro windows 

shown in Fig. 3.4 are of diameters 150, 200, 300, 400, 600 and 800 microns. The 

dark square corners were designed for better alignment. This mask was specially 

designed to bond with a standard 3 inch by 1 inch pre-cleaned microscope slide 

superstrate (12-550A, Fisher Scientific, USA). As shown in Fig. 3.5, the 

superstrate is designed with inlet and outlet holes drilled by using a water jet 

driller. The two holes were designed on the same end of the microscope slide for 

better compact integration of the system. The mask designed as in Fig. 3.4 

guarantees the good alignment of the fabricated substrate with the superstrate, by 

allowing a prism sitting on one end of the substrate, and the other end for pump in 

and pump out holes. Compared with the conventional photomasks prepared using 

a mask writer,18'19 here we printed our pattern onto a transparency film (1828dpi, 

Fuji Luxel F-9000 POS, Japan.), which is inexpensive and can be done in hours. 
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The AB-M mask aligner (AB-M Inc., USA) was used for the UV exposure. The 

illumination light source wavelength was 400nm (50mW/cm2), and the exposure 

time was 40 seconds. After UV exposure, the substrates were then developed 

using the 354 developer (Shipley Microelectronics, USA), where the photoresist 

exposed to the UV light was dissolved. The uncovered (photoresist removed) Al 

film was then etched off by using an Al etchant (Arch Chemicals Inc., USA). The 

4 inch by 4 inch glass substrates were cut into 3 inch by 1 inch glass slides using a 

diamond saw. The cut out glass slides were then cleaned using acetone and 

methanol. 

Figure 3.4 Mask designed for the chip substrate fabrication. The micro windows were 
designed with diameters 150, 200, 300, 400, 600 and 800 microns, shown as white dots. 
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Figure 3.5 Design for the chip superstrate. The two holes serve as the solution inlet and 
outlet. 

3.3.2 Chip fabrication using UV-curable epoxy edge bonding 
method 

The conventional photolithographic technique is well developed for the 

fabrication of microfluidic channels.18'19 The high cost of the photolithographic 

equipment, the necessity for clean rooms, and the toxic materials used in the 

fabrication limit the application of this photolithographic technique in the area of 

biology. Recently, Whitesides and colleagues have developed a set of techniques 

called "soft lithography",20'21 which is an alternative to photolithography and 

which is more suitable for biological applications. The soft lithography technique 

uses polydimethylsiloxane (PDMS), which is transparent to visible light and can 

be used to fabricate films as thin as lOOum.22 Recently, an epoxy-based23 

microchannel fabrication technique has been developed. We demonstrate here a 

UV-curable epoxy edge bonding method that combines the standard gasket 

method and epoxy method for microchip fabrication. This method is 

inexpensive and time efficient when compared with any other reported 

microchannel fabrication technique, and there is no clean room requirement. By 

using this technique, a transparent microchip can be obtained. 
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The fabrication of the microchip is illustrated in Figure 3.6. The superstate is 

the microscope glass slide with two drilled access holes. The U-channel was 

designed using L-Edit and then printed out on a transparency (Canon 

Transparency type E, thickness lOOfim, Canon USA Inc.). The U-channel model 

as shown in Figure 3.6 is cut from the transparency. The designed U-channel has 

a width of 1500um, larger than the laser beam diameters of interest and hence 

ensuring that light scattering from the channel edges is small. The substrate is the 

Al coated glass slide. Both the superstate (as shown in Fig. 3.5) and the substrate 

were pre-cleaned using acetone and methanol, and rinsed with IPA (Isopropyl 

alcohol). The three slides were aligned using the holes on both substrates, and 

UV-curable epoxy (Norland Optical Adhesive 81, Norland Products Inc., USA) 

was applied on the edges. This adhesive is sensitive to the entire range of long 

wavelength UV light from 320 to 380nm. The epoxy is cured using a high 

intensity UV lamp (SB-1 OOP, Spectroline UV lamp, 4.8mW, Spectronics 

Corporation, USA) for 2 minutes. Since the epoxy is oxygen inhibited, any excess 

epoxy on the edges remains uncured can be removed by using an acetone or 

alcohol-moistened clean room wipe. The bonded chip can be separated by soaking 

in a chlorinated solvent such as methylene chloride. Normally, the bonded area 

will separate overnight. 
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Figure 3.6 Illustration of the UV-curable epoxy edge bonding method for chip fabrication. 
The inset shows a fabricated microchip. 

The fabricated microchip was examined under a Zeiss Axiovert 200 

microscope (Carl Zeiss, Germany). Special attention was paid to the micro-size 

observation window area. The micro-size observation window not only improves 

the S/N ratio, but also serves as an important element for immobilizing the single 

scatter in the flow. Furthermore, the idea of using a micro-size observation 

window makes single scatterer light scattering measurements possible. It is also 

worth mentioning that the micro-size observation window helps in the alignment 

of the bulk system. The micro-size observation window images are shown in Fig. 

3.7. As shown in Fig. 3.7, (a) is for an observation window of 200um diameter, (b) 

is for an observation window of 300um diameter, (c) is for an observation 

window of 400um diameter, and (d) is for an observation window of 600um 

diameter. All the observation windows appear to be clear of contaminants. 
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Figure 3.7 The different size micro observation windows on chip under a microscope. 
The designed sizes are 200, 300, 400 and 600um, for (a), (b), (c) and (d), respectively. 

3.4 Prism coupling laser light into a liquid-core waveguide 

The prism coupling technique that was used to couple a laser beam into a liquid-

core waveguide is illustrated in Fig. 3.8. Contrary to a conventional waveguide, 

where the light is confined in the waveguide by total internal reflection, the 

liquid-core waveguide has a core of lower refractive index compared with the 

substrates. The light that propagates in such a waveguide will be confined due to 

the high Fresnel reflectivity.15 Such a waveguide supports the propagation of 

leaky modes. 
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Figure 3.8 Prism coupling a laser beam into the liquid-core waveguide. The mode can 
propagate for several centimeters. 

As shown in Fig. 3.8, a prism sits on top of the microchip. The prism and the 

superstrate can be assumed to have a constant refractive index N. Unlike the 

well-known prism coupling technique in thin film measurements,26"28 where the 

evanescent field is used to couple the beam into a thin film, we have used the 

leaky nature of the liquid-core waveguide. As the light can leak out from such a 

liquid-core waveguide, light can also be coupled into it. Yet the mode can only be 

generated when the phase matching condition29 (Equation 3.1) is satisfied, 

&ma = -fi/N, (3.1) 

where ft is the effective mode index of the waveguide, and a is the incident 

angle as shown in Fig. 3.8. 

The phase matching condition can be explained in Fig. 3.9 as follows. 
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Figure 3.9 Light ray analysis for the phase matching condition of the prism coupling 
technique. The phase matching condition is satisfied at a particular angle a . 

30 . The phase difference is defined as 

8 = k0A •• 
In 

/7^Xi X-y J 9 (3.2) 

where A = n(xx - x2) is the optical path difference(OPD), k0 is the incident wave 

propagation number iri vacuum, and n is the refractive index of the medium. 

Suppose we have two light rays from an incident laser beam denoted as Rx and 

R2. At a certain point, they have the same phase <j> = 0.. Ray if, immediately goes 

into the micro channel at point A, and follows a zigzag propagation26'31 in the 

channel. At point B, we assume R{ and R2 have the same phase f. During this 

time of propagation, the phase difference for R{ is, 

S,=k0NL,, (3.3) 

the phase difference for R2 is, 

S2=k0j3L2, (3.4) 
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the phase matching condition is Sx = S2, that is, 
k0NLx=kQPL2. (3.5) 

From Fig. 3.7 we can find that, 

sina = —. (3.6) 
L2 

Combining Equations (3.5) and (3.6), we find the phase matching condition as 

sina=^- = -£. (3.7) 
L2 N 

The distance that the coupled mode can propagate in the liquid-core 

waveguide is typically centimeters, which enables the integration of other 

elements on a glass slide substrate. 

3.5 Cytometer detector consideration - using a CCD 
detector 

In cytometry, a suitable detector is required to convert the optical information to a 

digital form suitable for subsequent analysis. The most common detector is the 

semiconductor photodiode. The photodiode has excellent linearity of output 

current to the incident light intensity, and a high quantum efficiency (typically of 

80%), where the quantum efficiency (QE) is defined as1 

gE = 100%xelec t ronsout. (3.8) 
photons in 

The photodiode is commonly used for the forward scatter detection since it has no 

gain. Compared with a photodiode, photomultiplier tubes (PMTs) have a 

relatively high gain (107 or more electrons out for each photon in), and are 

suitable for detecting weakly scattered side-scatter signals. The disadvantage of 

PMTs compared with the photodiodes is their low QE (less than 25%), and the 

fact that they need to be operated at high voltage (300-2000V). 

Modern CCDs have a higher QE (greater than 40%)32 and have their own gain. 

Moreover, a CCD can be used for an integrated exposure time, and the observed 

2D scene can be easily divided into a well-determined 2D positional output. We 

chose a consumer grade, uncooled CCD (Sony, ICX098BQ) that has a low dark 
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current (using Sony's Hole-Accumulation Diode (HAD) technology), which was 

obtained as part of a consumer webcam (a Logitech Quickcam 4000). The data 

was acquired at a depth of 8-bits per pixel using the webcam software. 

In the field of CCD image processing, dark field and flat field images are of 

great importance for better understanding of the signal.32 The CCD dark field 

images are taken with the CCD shutter closed for a time period equal to the 

exposure time used to take the object image. This image usually can be subtracted 

from the object image, and accounts for both readout noise and dark current. A 

representative scan of the Sony ICX098BQ dark field image is shown in Fig. 3.10, 

where an integration time of 1/15 second has been used. The scan is performed 

horizontally from pixels 0 to 639, and averaged from pixels 239 to 241 vertically 

for the obtained 2D CCD frame (not shown here). As can be seen from Fig. 3.9, 

the dark field intensity level is quite uniform, and with a mean around 3 counts 

out of a total CCD counts of 256. 

Compared with its neighbors, each pixel of a CCD has a slightly different gain 

or QE value. A flat field image is usually obtained in order to flatten the relative 

response for each pixel to the incident radiation, where the object image is divided 

by the mean flat field image. Ideally, a flat field image is obtained by a uniform 

illumination of every pixel on the CCD. The variations in pixel sensitivity of the 

CCD were checked by illuminating each pixel with the same intensity under an 

LED (EFR5366X, LED red clear 5mm) illumination at a wavelength of 635nm. 

The LED was positioned perpendicular to the CCD center at a height of 40cm. A 

flat field image obtained with an integration time 1/15 second is shown in Fig. 

3.11. A cross section scan of this flat field image (horizontally from pixels 0 to 

639, and averaged from pixels 239 to 241 vertically) has a mean of 188 counts, 

with a SD of 3 counts. This shows the flat field image is fairly uniform. The 

"doughnuts" in the image are from dust or other contaminated specks on the CCD 

window glass.32 
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CCD pixel position 

Figure 3.10 A scan of the CCD dark field image shows the dark field intensity variations 
with CCD pixel positions. The CCD dark field intensity mean level is about 3 counts of a 
total CCD count of 256 at an integration time of 1/15 second. 
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Figure 3.11 CCD flat field image under LED illumination. 

3.6 Cytometer light source considerations - building the 
laser safety dark room 

Light scattering measurements in a flow cytometer usually take only a few 

microseconds or less. The scattered light, especially in the side-scatter direction is 
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only a very small fraction of the total illumination intensity. Thus, to obtain wide 

angle light scattering spectra, the light sources used must emit a relatively large 

number of photons per unit time per unit area. Arc lamps and lasers are two 

classes of light sources that meet such criteria.33 

The use of arc lamps in light scattering measurements involves complex 

optical designs. Although a low power laser can be focused to achieve a higher 

irradiance, the task of focusing and then collimating the laser beam is not easily 

integrated into light scattering measurements. Usually the light scattering 

measurements in flow cytometry use a laser source of output power greater than 

5mW.2'4'34 These lasers belong to class Ilia and class Illb lasers. A high energy 

laser control area is mandatory for performing experiments with these lasers. 

The high energy laser control area that I built for this project is fully covered 

and separated with heavy black cloth. This laser control area also serves as a dark 

room. The experimental setup in the laser control area sits on an optical bench. 

3.7 Method to immobilize the micro-size scatterer in flow 

There are several reported ideas for trapping the micro-size objects in flow, such 

as dielectrophoresis (DEP),35 an optical trap2'9'36 and eddy flow trapping.37 The 

DEP trapping strategy is challenging to apply in light scattering experiments due 

to many limitations such as the rigid requirement in microfabrication. The optical 

manipulation techniques derived from single-beam optical traps are known as 

optical tweezers. Optical tweezers use the forces exerted by a strongly focused 

laser beam to trap and move object ranging in size from tens of nanometers to tens 

of micrometers. Stable trapping requires the optical tweezers to be constructed 

around microscope objective lenses. Also, the use of a second laser for the optical 

trap requires further determination of the light scattering that originates from the 

illumination source. For the eddy flow trapping method, mechanical oscillation is 

necessary to generate eddies, making it difficult to be used in the study of the light 

scattering problems. The method I have used here to immobilize a microbead in a 
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flow is simple. As shown in Fig. 3.12, the arrow shows the flow direction under a 

positive pressure, which is also the laser mode propagation direction in the micro 

channel. By applying positive (along the arrow direction) and negative pressure as 

required, we are able to manually immobilize a single scatterer in the observation 

window area in a microfluidic flow. 

Figure 3.12 Immobilization of a 9.6um (diameter) polystyrene bead traversing the 
observation window. The arrow shows the laser propagation direction, which is also the 
flow direction under positive pressure. 

Figure 3.12 shows the immobilization results of a 9.6um polystyrene bead in a 

microfluidic flow by using this immobilization method. The obtaining of the 

images as shown in Fig. 3.12 is as follows. Once the system is in good micro 
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alignment, I focus the microscope on the observation window. If the scatterer is 

positioned in the observation window area, we defocus the microscope on the 

observation window, and hence the scatterer is futher defocused due to the fact 

that there is a certain distance between the scatterer and the surface of the 

observation window. As shown in Fig. 3.12, by applying positive and negative 

pressures as required, a single 9.6urn polystyrene bead can be immobilized at 

different positions around the observation window area. The circular dark area in 

Fig. 3.12 is the observation window area. The 9.6um polystyrene bead defocused 

scatter images with clear fringes are at different positions around the observation 

window area. Figure 3.12(a) shows the bead that has passed over the observation 

window, Fig. 3.12(b) shows the same bead immobilized around the center of the 

observation window, and Fig. 3.12(c) shows the bead after it has been moved out 

of the observation window area. The images shown in Figs. 3.12(a) to (c) were 

taken using a Nikon camera (Nikon Coolpix 990) with an integration time of 1/4 

second (F4). 

3.8 Integration of the microfluidic planar waveguide 
cytometer 

A detailed picture of the integrated microfluidic planar waveguide cytometer is 

shown in Fig. 3.13. The laser is mounted on a breadboard by using a cylinder tube 

laser holder. The breadboard is mounted vertically on an optical bench. The laser 

can be rotated freely to set the phase matching angle. Once the phase matching 

angle is satisfied, the laser light will be prism-coupled into the waveguide 

cytometer. The CCD detector in an aluminum box is put right beneath one of the 

observation windows on the microchip. The inlet pump tube is connected with a 

syringe pump, through which we apply positive or negative pressure to 

immobilize a single scatterer in the micro channel observation window area. The 

digital camera is mounted on the microscope eyepiece tube. The CCD is 

connected to a computer to record the 2D scatter patterns. 
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Figure 3.13 The integrated microfluidic planar waveguide cytometer. 

A schematic cross section of the experimental setup of Fig. 3.13 is shown in 

Fig. 3.14. The core part of the integrated waveguide system is a compact structure, 

including the prism, microchip and the CCD detector. The laser light is incident 

on the microchip at the phase matching angle, and the optical mode or modes in 

the waveguide propagate along the microchannel. Once a scatterer is immobilized 

in the observation window area, a frame of the 2D scattered light pattern is taken 

by the CCD located beneath the microchannel. A defocused scatter pattern image 

is also taken by using a digital camera that is mounted on top of the microscope. 

Another important advantage is that the micro channel and the CCD detector form 

a planar waveguide structure, which simplifies the application of Mie theory and 

FDTD method in analyzing results obtained by this experimental setup.14 The 

applications of Mie theory and FDTD method in the waveguide cytometer will be 

discussed in the later chapters. 
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Figure 3.14 A schematic cross section of the integrated waveguide cytometer shown in 
Fig. 3.13. 

The integrated waveguide cytometer is particularly designed to obtain side-

scatter patterns because the side-scattered light contains rich information about 

organelles in single cells.3'4 Mie theory simulations were performed to study the 

single organelle light scattering size dependence. Figure 3.15 gives the light 

scattering spectra from a single organelle with a radius of 50, 150, 250 and 350nm, 

respectively. The organelles used here have a refractive index of 1.42. The 

incident wavelength is 632.8nm, and the surrounding medium has a refractive 

index of 1.334. As can be seen from Fig. 3.15 for the 50nm scatterer, the 

scattering intensity is isotropic over the full polar angle range. When the size 

changes to 150nm, the scattering intensity gradually decreases from 0 to 180°. 

Compared with the sizes of 50nm and 150nm, the light scattering intensity 

variations for the 250nm and 350nm organelles are more complex in the full 

angular range. A close study of the side-scatter range shows that there is a valley 

for the organelle of size 250nm and a peak for the 350nm organelle around 80°. In 

this case, the side-scatter spectra contain characteristic information (isotropic 

intensity, gradually decreased intensity, valley intensity and peak intensity) for the 

different size organelles. 
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Figure 3.15 Mie theory shows that the side-scatter light is sensitive to the organelle size. 

3.9 Conclusions 

A UV-curable epoxy edge bonding method was developed for fabrication of the 

microchips. A prism coupling method was used to introduce the laser beam into a 

liquid-core waveguide cytometer. A simple but effective method was developed 

to immobilize a single scatterer in a fluidic flow by applying positive and negative 

pressures, where the micro fabricated observation windows play important roles 

in determining the position of the scatterers. 

A high energy laser control area has been constructed and an integrated 

microfluidic planar waveguide cytometer was built on an optical bench in this 

control area. The integrated waveguide cytometer design enables one to observe a 

single scatterer immobilized in the observation window area by using a digital 

camera, while obtain its 2D scatter pattern simultaneously by using a CCD 

detector underneath the microchip. The new design of the integrated cytometer is 

ideal for obtaining 2D side-scatter patterns, where the side-scatter spectra contains 
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characteristic information about the size variation of single organelles as shown 

by using Mie thoery. 
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Chapter 4 

Micro-size differentiation with 
the integrated cytometer 

4.1 Introduction 

The development of miniaturized cytometers that measure forward scattered1 and 

backward scattered2 light has recently been reported. The task of obtaining side-

scatter patterns is challenging due to the lower intensity level of the side-scattered 

light and the difficulty in resolving the angular structure of this scattering. 

Furthermore, the validation of a particular light scattering measurement approach 

requires that comparisons be made with analytical models such as Mie theory or 

by using numerical simulations such as the Finite-Difference Time-Domain 

(FDTD) method. This is not easily accomplished when complex experimental 

setups are involved. 

The integrated planar waveguide cytometer as described in chapter 3 

addresses a number of issues such as the ability to compare experimental results 

with known theoretical predictions, the obtaining of 2D high resolution side-

scatter patterns, and the resolution of the angular dependence of the scattering. 

The planar waveguide structure simplifies the modal analysis in such an 

integrated cytometer. The absence of an optical lens in this planar waveguide 

structure allows a resolution of the angular dependence of the scattering to be 

made as well as simplifying the comparison of measured results with predictions 

65 



Chapter 4 

obtained using either Mie theory or simulations employing the FDTD method. 

The 2D features of the scatter patterns are used to develop a method for 

determining the location of 90 degree scatter (both polar angle and azimuth angle). 

The operation of this cytometer is validated through the use of polystyrene 

micro-beads that serve as cell mimics in the microfluidic channel. Conventional 

validation of experimental result tries to match the shape of experimental scatter 

pattern with theoretical prediction,3"6 whereas we perform the comparisons both in 

space and Fourier domain. Comparisons of the 2D scatter patterns that are 

experimentally obtained with Mie theory predictions confirm the correct operation 

of the device. A Fourier method for quick size differentiation has also been 

developed. This is based on comparisons between the Fourier peaks of Mie theory 

simulations and experimental results from polystyrene beads that range in size 

from 4um to 20|im. 

This chapter is based on a recently accepted journal paper by X. T. Su, et al.7 

4.2 Modal analysis of the liquid-core waveguide 

4.2.1 A method to find modes in a planar liquid-core waveguide 

The optical waveguide used in the integrated cytometer as described in chapter 3 

has a liquid core that also serves as the microfluidic channel. The planar 

waveguide structure of the integrated cytometer is illustrated as in Fig. 4.1, which 

contains a superstrate layer, a fluid layer, and a substrate layer coated with Al film. 

These three layers form the liquid-core planar waveguide. Such liquid-core 

waveguides (the core refractive index is lower than the substrates) are therefore 

optically leaky and this feature allows use of the prism coupling method to excite 

the modes. The modes propagate along +z direction. In cases where the optical 

thickness of the core is large, the angular separation between modes may be less 

than the typical angular divergence of single mode lasers. In such cases, several 

leaky waveguide 'modes will be excited, with the optical intensity within the 

waveguide being a superposition of these modal intensities. Since the liquid-core 
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waveguide is fundamentally important in the present cytometer design, the 

method used for modal analysis8 is described here. The great advantage of this 

method is its simplicity over the rigorous analytical technique9' 10 and other 
11 19 

various approximation methods. ' 
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Figure 4.1 Illustration of the planar waveguide structure and the mapping of Mie results 
onto the CCD screen. The mode propagates along +z direction. The observation window 
has a radius of r0. The scattered light is collected by a CCD detector. 

The most popular method for finding the modes of a planar waveguide is the 

thin-film transfer matrix method.13'14 This method provides a dispersion equation 

whose solutions correspond to bound and leaky modes of the waveguide. A 

simple yet efficient and exact technique based on a smooth transition between 

bound modes of closed waveguide and leaky modes of open waveguide was used 

to find the modes. 

The planar multilayer waveguide and definition of its parameters are shown in 

Fig. 4.2. The waveguide consists of Af layers labelled withy , j = 0...N — 1; each 

layer is specified by its relative permittivity Sj and thickness dj . Interfaces 

between adjacent layers have positions^., j = \...N-\. ,y0and yN are artificial 
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boundaries placed inside the substrate (y<y{) and the cover (y > yN_{) and they 

are necessary for numeric treatment. 

Jo 
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y2 

£ 0 ' " 0 

£ 1 ' " 1 

£ AT-l ' " iV- l 

yN-i 

yN 

y 

Figure 4.2 Planar waveguide consisting of N layers. The jth layer has relative 

permittivity £. and a thickness dj ; y. is position of layer interface except artificial 

boundaries y0 and yN. 

The electric field of a transverse electric (TE) mode or the magnetic field of a 

transverse magnetic (TM) mode can be expressed using function <p(y) which is 

solution of the Helmholtz equation. This function in jth layer is given by 

B: 
<Pj (y) = Aj cos[ctj (y - yj)] + -^-sin[a; (y - yj)] (4.1) 

aj = ]K2ef-p2 ,k0=2nl^, (4.2) 

where p2 is the mode propagation constant, ^ is wavelength in vacuum and Aj 

and Bj are constants characteristic for given layer, mode and polarization. 

Realizing that A- and Bj are values of function <p(y) and its derivative at 

y = y. and using continuity conditions for normal and tangential components of 

electric and magnetic field, we can obtain relations between pairs of ( Aj, Bj) and 
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(AJ+l, BJ+l) for any j = 0..N -1. As a consequence, if we know 01 and (A j,Bj) 

for some j we can calculate these pairs for ally . On the other hand if we know 

(A0,B0) and (AN,BN) we can obtain dispersion equation for unknown/?2, which 

can be written in the general form 

D(A0,AN,B0,BN,J32) = 0. (4.3) 

Values of A0,BQ,ANmdBN depend on the type of boundary conditions used. It 

can be shown that (4.3) turns into a new form 

D(w,/32) = 0, (4.4) 

where parameter w is 0 for a closed waveguide (B0 - BN = 0) and 1 when 

searching for the leaky modes of open waveguide. 

The numerical technique for solving this equation when searching for leaky 

modes is the following. First let us consider a waveguide with a real permittivity 

profile. For the case where w = 0, all solutions of (4.4) up to given order can be 

easily found as they are real and fulfil the relation/?2 < k0 max(£ry.). To this aim 

we applied the well-known Brent method.15 Now we allow continuous change of 

w from 0 to 1. The roots of (4.4) will move inside the complex plane and their 

new positions can be located using standard numerical routines (e.g. Newton-

Raphson method16), since their previous positions can be used as the initial guess. 

If the permittivity of the waveguide is complex, we perform the described 

technique for its real part and then again track the roots in the complex plane 

while changing the imaginary part of waveguide permittivity. 

The microfiuidic chip used in this study has a channel height of 200 um, which 

supports multimode propagation in the waveguide. The modes can be found by 

using the above method. Shown in Fig. 4.3 are three modes supported by the 

planar waveguide. If we assume the incident lights for these three modes have 

equal intensity, Fig. 4.3 shows that the fundamental modes have the strongest 

intensity level, while the 2nd order mode intensity is the lowest. The solid line 

shown in Fig. 4.3 is the summation of the first 21 modes found in the waveguide. 
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This summed mode is symmetrical about the channel central line (+z axis as in 

Fig. 4.1), with an intensity that drops quickly from the center to the substrates. 
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Figure 4.3 Mode profiles in the planar waveguide simulated by using the thin-fdm 
transfer matrix method. All modes are assumed to be excited by the same intensity. The 
summed mode intensity profile is for the first 21 modes. 

4.2.2 Mode profile in the liquid-core waveguide 

The excitation source used in our experiments is a laser with a Gaussian intensity 

distribution. In order to determine the excitation of a given mode in the 

waveguide, the transmission coefficients of the laser beam from the substrate to 

the liquid-core must be considered. Shown in Fig. 4.4 are the transmission 

intensity profiles for the laser beam to excite the 18th, 19th and 20th order modes.8 

The areas under different profiles represent the transmission intensity level. These 

areas are calculated by performing integrations of the profiles in the same angular 

interval by using a trapezoidal method. Generally speaking, the higher order 

excited modes give higher transmission coefficients of the intensity for the 

incident laser beam. 
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Figure 4.4 Transmission profile for the incident light to excite the modes in the 
waveguide. Each different mode profile has a different area under the curve. 

In order to find the actual modal intensity in the planar waveguide, the modes 

as found in Fig. 4.3 are multiplied by the Gaussian distribution of the laser 

intensity and the transmission coefficients for the laser light to excite a given 

mode. The calculated intensity profiles for the 0th order, 1st order and 2nd order 

modes are shown in Fig. 4.5. The summation of the first 21 modes supported by 

the waveguide structure is shown in Fig. 4.5 as the dark solid line, which is 

normalized to have a highest intensity level of 100 units. Higher order modes are 

not excited due to the small laser divergence (1.3mrad). This summed mode 

profile has a uniform intensity distribution across the waveguide with exceptions 

only very close to the substrates. Since most beads will travel in the uniformly 

distributed intensity area, an assumption is made that the bead is illuminated by a 

plane wave. Tn this case, Mie theory can be used for describing light scattering 

from a micro-size spherical bead in the integrated waveguide cytometer. 
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Figure 4.5 The summed mode profile in the waveguide. The summed mode intensity 
profile is for the first 21 modes. The summed mode intensity is uniform across most of 
the waveguide intersection. 

In a ray diagram representation of mode propagation in a waveguide, the 

direction of propagation of the distinct modes can be regarded as a zig-zag 

pattern.17 In a thick waveguide such as the one considered (200um), all modes are 

almost paraxial. The fundamental mode is approximately 0.1° off the +z axis, and 

the 20th order mode is approximately 1.4° off the +z axis for the zig-zag 

propagation. Thus all modes can be assumed to be propagating in parallel and 

there is no divergence due to the mode propagation through the waveguide. 

4.3 Application of Mie theory to the integrated waveguide 
cytometer 

4.3.1 Application of Mie theory: geometry used, transmission 
coefficients, mapping of far field scattering patterns 

For an incident laser propagating in the +z direction as shown in Fig. 4.1, Mie 

theory gives the spatial scattered intensity distribution (at a certain distance) as a 

function of polar angle 8 and azimuth angle q> (refer to Fig. 1.1). The polar angle 

9 is measured from +z axis, and the azimuth angle cp is in the xy plane. The 

mode polarization in the waveguide is the same as the scattered light polarization 
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(Fig. 4.1).18 In order to compare Mie simulations with the observed experimental 

results, it is necessary to map the calculated far field scattering pattern onto the 

CCD screen. Figure 4.1 shows the integrated planar waveguide structure. This 

structure simplifies the ray tracing procedure for the propagation of the scattered 

light in the system. Another advantage of this system is that there are no optical 

lens systems between the CCD detector and the scatterer in the channel. This 

simplifies the comparisons between the experimental results and the Mie 

simulation results. 

are 

The amplitude transmission coefficients of Fresnel Equations at an interface 
19 

2n,cos0i tA r x tx = - '• (4.5a) 
«,. cos8i +nt cos#r 

2w, cos#, 
h = — — » ( 4 - 5 b ) 

«,. cos 6t + nt cos 6t 

where tl is for the perpendicular polarization, and tn is for the parallel 

polarization. The transmittance T is defined as the ratio of the transmitted to the 

incident flux and is given by19 

II cos 6j 

The transmittances for the perpendicular and parallel polarization, respectively, 

are given as 

„, n, cos 6, 7 

T±=-i ft2
x (4.7a) 

ni cosfe1; 
T\\=~ ±*1- (4-7b) 

Thus we have, 

Ax = - ' I ' , i (4.8a) 
n, 
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h=-t}ln, (4.8b) 
n. 

where /, denotes the incident scattered light intensity at an interface, while It 

denotes the transmitted scattered light intensity. 

The Mie spatially distributed scattered intensity is projected onto the CCD 

screen. SnelPs Law has been used for the multilayer ray trace as shown in Fig. 4.1. 

At each interface, the intensity transfer is performed by using Equations (4.8). To 

compare with experimental results, we also take into account the light intensity 

cosine dependence on the incident angle to the CCD screen surface, as will be 

discussed later in this chapter, and the high refractive index of the silica material 

of the CCD screen. 

4.3.2 Validation of Mie mapping ray trace results in the 
waveguide cytometer 

The validation of the ray tracing component of the Mie mapping simulation was 

performed by comparing results with those found with the BEAM FOUR (Stellar 

Software, Berkeley) ray trace. For the waveguide structure shown in Fig. 4.1, we 

assume that the bead is lOOum away from the glass substrate (refractive index 

1.47, 1.2mm in thickness). The air gap " 1 " between the CCD detector and the 

microchip is 350um in thickness. The cover glass thickness of the CCD detector is 

0.75mm (refractive index 1.5), and the distance between the cover glass and the 

CCD sensor is 1.25mm - air gap "2". The BEAM FOUR ray trace results are 

shown in Fig. 4.6, where an offset of z = 0.1 mm is also considered. As also can be 

seen from Fig. 4.6, even if there is no total internal reflection at the large scatter 

angles, the scattered light will diverge quickly, and will be out of the CCD 

effective detection region. 
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Figure 4.6 BEAM FOUR ray trace of the scattered light in the planar waveguide structure. 
The side-scattered light ( > 90°) is shown here in the yz plane. 

As shown in Fig. 4.6, the BEAM FOUR ray trace gives the position of the 

projected light on the CCD screen (4.6mm along z) as a function of the polar 

angle (angle between the light ray direction and the +z direction) from a point 

source. Mie mapping simulations were also performed with the same 

configuration as shown in Fig. 4.6. Figure 4.7 shows the comparison between the 

Mie mapping results and the BEAM FOUR ray trace results. The circles denote 

the BEAM FOUR ray trace results, while the crosses show the results of my Mie 

mapping simulations. The Mie mapping simulation results fit well with the 

BEAM FOUR ray trace results (uncertainty less than 0.001mm). At each interface, 

Equations (4.8) are applied for intensity transfer. Thus the Mie mapping 

simulation can give the spatial distribution of the scattered light intensity on the 

CCD screen in terms of scatter polar angle and position on CCD. 
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Figure 4.7 Comparison of the BEAM FOUR ray trace results and the Mie mapping 
simulation results. The positions on the CCD (z axis) are plotted against the scatter polar 
angle. 

4.3.3 Mie scatter spectra in the waveguide cytometer 

The Mie mapping simulation maps the calculated light distribution onto the plane 

CCD in the multilayer planar waveguide structure. Figure 4.8 shows the Mie 

simulation intensities versus polar angle for different spherical cells. The spherical 

cells have different diameters and refractive indices. The incident wavelength is 

632.8nm, and the surrounding medium has a refractive index of 1.334. Note that 

intensity variations of several orders of magnitude are obtained among the three 

cases. Figure 4.8 also shows that changes in the scatterer size and refractive index 

will change the scatter spectra. 
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Figure 4.8 Mie simulation results for scatterers with different sizes and refractive indices. 
The scattered light shown here is in the polar angle range from 0-180°. 

The Mie simulations results as shown in Fig. 4.8 are mapped onto the CCD 

screen by using the Mie mapping simulation. The scatterer is assumed to be 

centered at the origin as shown in Fig. 4.1. The constants for the layer structures 

are the same as for the BEAM FOUR ray trace. Figure 4.9(a) shows the Mie 

mapping results for the different cell models. Here in Fig. 4.9 we consider only 

the multilayers between the scatterer and the CCD screen (Fig. 4.1) in order to 

show the multiple refection effects. There are obvious differences between the cell 

modes with diameters of 9um and lOum (with a constant refractive index 1.38), 

and between the cell models with a refractive index of 1.38 and 1.42 (with a 

constant diameter of 10urn). The linear Mie intensities versus the spatial location 

in the CCD are shown in Fig. 4.9(a) (compared with logarithm results as shown in 

Fig. 4.8), where the CCD size along z axis is 4.6mm. Another difference between 

Fig. 4.8 and Fig. 4.9(a) is that Fig. 4.9(a) shows the scattered intensity distribution 

in the side-scatter angular range of 61-119°. 
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Figure 4.9 Mapping the Mie results onto a CCD screen after the multilayers. 

In the Mie mapping code, we do not account for the multiple reflections. To 

show what fraction of the incident light intensity will be transmitted by the 

multilayered structure without considering the multiple reflections, we take the 

lOum cell (refractive index 1.38) far field Mie intensity as shown in Fig. 4.8, and 

calculate its intensity after the multilayer propagation using our Mie mapping 

code. The intensity transmission ratio is defined as the transmitted intensity to the 

incident scattered light intensity at any given polar angle, as shown in Fig. 4.9(b). 

From Fig. 4.9(b), we find that about 90% of the scattered light intensity will be 

transmitted without multiple reflections. The multiple reflections only account for 

around 10% of the incident intensity. For this smaller amount of light, some will 

be blocked by the coated Al and some will be out of the CCD detection angular 

range. Thus we assume that the multiple reflections at different interfaces in the 

multilayer structures do not significantly alter the mapping of the scattered light 

intensity. 

In the current experiments, the range of the scatter angle 6 that can be 

recorded is determined by the height of the micro-channel relative to the diameter 

of the observation window, the CCD effective screen size (4.6mm by 4.0mm), 

and the integrated waveguide structure as shown in Fig. 4.1. Each layer shown in 

Fig. 4.1 has a tolerance in thickness. For example, the Borofloat glass slide 

substrate has a specified thickness of 1.1 ± 0.1mm, and the air gap "2" has a 
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specified thickness of 1.2 ±0.15mm. In order to account for the tolerances of each 

layer in the waveguide structure, we assume only the air gap " 1 " is varied for 

simplification and assume the other layers have constant thickness. The constants 

used for the different layers in the planar waveguide structure are shown in Fig. 

4.6. As will be described later in this chapter, the experimental results fit well 

with an air gap " 1 " of thickness 350~550um. If not otherwise specified, the air 

gap " 1 " thickness used is 550um in the following analysis. From here on, we 

consider the light intensity cosine dependence on the incident angle to the CCD 

surface and the high CCD dielectric constant (refractive index 1.39), for the 

comparisons with experimental results. In Fig. 4.10 we give a sample calculation 

for a 9.6um polystyrene bead (refractive index 1.591) at z0 =0 (as shown in Fig. 

4.1) in a surrounding medium of filtered water (refractive index 1.334), 

illuminated by a laser with a wavelength of 0.6328 um. Figure 4.10(a) shows the 

scattered intensity distribution on the CCD screen versus the scatter angle 9 . 

Figure 4.10(b) gives the relationship between the position on CCD and the scatter 

polar angle. The relationship between the position on CCD and the scatter polar 

angle is not linear, and this relationship is determined by the integrated waveguide 

structure - it is the same for all the polystyrene beads used in this study. From Fig. 

4.10(b), an angular resolution of approximately 0.09° (420 pixels in the angular 

range 63~99.6 degrees) for the light scattering measurements can be achieved in 

our integrated waveguide cytometer. Figure 4.10 shows only the scattering 

angular range that will be considered in detail in the following study from 63° to 

100°, which corresponds to approximately 3mm on the CCD. 
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Figure 4.10 Mie simulation results for scattering from a polystyrene bead on the CCD 
screen, (a), angular distribution of the scattered intensity from a 9.6um polystyrene bead 
on the CCD screen, (b), the correlation between the position on CCD and the scatter polar 
angle for the integrated waveguide structure used in this study. 

4.4 2D light scattering patterns from polystyrene beads 

4.4.1 Determination of the location of 90° scatter 

The polystyrene beads used in this study included 4um and 9.6um diameter 

(Interfacial Dynamics Corp.), and 15um and 20um diameter (Fluka, Sigma-

Aldrich) beads. The beads were in suspension in filtered water (0.8um filter, 

Millipore Corp.), which was diluted to a concentration of -2000 beads/ml and 

sonicated for 2 minutes. The well diluted bead solution made single bead 

observations in the observation window area possible. The solution was then 

pumped into the channel which was pre-filled with filtered water by using a 

syringe pump. The observation window (as shown in Fig. 4.1) was 400 microns in 

diameter. Once the system was in good micro alignment (ideally, the observation 

is projected right onto the center of the CCD although experimentally there might 

be an offset of several hundred microns), we focused the microscope on the 

observation window. Positive pressure was applied to induce flow along the +z 

direction until a single scatterer was seen in the observation window. The micro-

size beads were immobilized in the observation window area by using the method 

described in Chapter 3. Knowledge of the scatterer position relative to the detector 
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enables one to determine whether the scattered light intensity distribution 

corresponds to forward, side or backward scattering. 

After positioning a microbead in the observation window using the digital 

camera mounted on top of the microscope, 2D scatter patterns were taken by 

using the CCD detector located beneath the microchip (more details were 

discussed in Chapter 3). In Figs. 4.11(a) and (b) the arrow indicates the direction 

of the mode propagation, which is the same direction as the flow in the channel. 

Note that the flow and mode propagation directions obtained from the camera 

(Figs. 4.11(a) and (b)) are opposite to those obtained from the CCD (Figs. 4.11 (a') 

and (b')). As the bead entered the observation window area from right to left, the 

defocused scatter images as shown in Figs. 4.11(a) and (b) were obtained. 

> • i • i • ( i i • T / > 1 > 1 > — T « r—•""» r " - * ™ ™ ! - " 
0 100 200 300 400 500 600 0 100 200 300 400 500 600 

C C D f r a m e p i x e l p o s i t i o n C C D f r a m e p i x e l p o s i t i o n 

Figure 4.11 Identifying the location of 90 scattering in our system. Figures (a) and (b) 
are the defocused scatter images obtained from a digital camera mounted on the top of the 
microscope, (a1) and (b') are the 2D scatter patterns obtained from the CCD beneath the 
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microchip. The arrows show the direction of waveguide mode propagation. The center of 
the circles indicates the 90° scatter locations. 

A 2D ray trace of the scattered light from a homogenous spherical scatterer is 

illustrated as in Fig. 4.12. The scattered light into the space forms different cones, 

while the scatterer sits at the vertex of the cones. The intersection of the cones 

with the CCD plane gives rise to a series of hyperbolas with varying curvatures. 

The 90° scatter will give vertical bands as shown in Fig. 4.12. The forward scatter 

gives hyperbolic fringes open to the +z direction (< 90°), while the backward 

scatter gives hyperbolic fringes open to the -z direction (>90°). These features 

are shown in Figs. 4.11 (a') and (b1) experimentally. When the defocused image 

shows the bead at the right side, as in Fig. 4.11(b), its 90° scatter in Fig. 4.1 l(b') is 

centered to the left side of the CCD frame. When the defocused image shows the 

bead at the left side, as in Fig. 4.11(a), its 90° scatter in Fig. 4.11 (a1) is centered to 

the right side of the frame. In Fig. 4.11 (a') the 90° scatter is centered about pixel 

column 340, while in Fig. 4.11(b'), the 90° scatter is centered about pixel column 

290. This 50 pixel difference corresponds to a distance of 0.35mm, which is 

approximately the distance that the bead has traveled from Fig. 4.11(b) to Fig. 

4.11(a). In the analysis that follows, the 90° scatter location in the 2D scatter 

patterns is determined by using the above method. 
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Figure 4.12 Illustration of the 2D scatter pattern onto a plane CCD. As shown here are the 
representative 2D scatter patterns of forward scattering, side scattering and backward 
scattering. 

4.4.2 High resolution 2D side-scatter patterns 

Figures 4.13(a) to (d) are the defocused scatter images taken by using a digital 

camera for different size polystyrene beads. Clear fringes are obtained which 

show that the bead is stationary over a time period of l/4s. For the defocused 

scatter patterns shown in Fig. 4.13, the bigger the scatterer size, the greater are the 

numbers of the fringes detected. This information helps one to infer the size of the 

bead in the fluidic flow. 
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Figure 4.13 2D scatter patterns from different size immobilized beads, (a), (b), (c) and (d) 
are the defocused scatter images for 4pm, 9.6pm, 15pm and 20pm beads, respectively. 
The dark circular area in (a), (b), (c) and (d) is the observation window under the 
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microscope. 2D high resolution scatter patterns are shown in Figs, (a') to (d') for the 4um, 
9.6um, 15um and 20um beads, respectively. 

The high resolution 2D scatter patterns obtained by using a CCD array for 

polystyrene beads for sizes ranging from 4um to 20um are shown in Figs. 4.13(a') 

to (d'). We refer to high resolution images as those with a greater number of 

observable fringes as compared with the defocused scatter images of the same 

bead. These high resolution 2D scatter patterns contain more information about 

the scatterers as compared with the ID scatter intensity distribution obtained in 

light scattering measurements. In this report, we only explore the 2D features to 

determine the position for 90° scatter and the position for an azimuth angle q> = 90°. 

However we believe that the 2D scatter patterns can be used to provide a better 

understanding of the light scattering problems involving single biological cells. 

4.5 Wide angle comparisons of experimental light 
scattering spectra with Mie theory 

In order to compare the experimental results and Mie simulation results, 

experimental scatter patterns in Figs. 4.13(a') to (d') are scanned for 420 pixels 

horizontally (angular range 63°~99.6°, determined by the 90° scatter method), and 

averaged over 3 pixels vertically (pixel 239 to pixel 241). Pixel (0, 0) is at the 

upper left corner, and pixel (419, 479) is at the lower right corner. Following the 

ray tracing procedure depicted in Fig. 4.12, the 2D scatter pattern of a bead 

obtained from the CCD will be symmetrical about the azimuth angle <p = 90°. This 

property is exhibited by the experimental results in Figs. 4.13(a') to (d'). Thus the 

vertically averaged results from pixel 239 to pixel 241 give the scatter intensity 

distribution around the azimuth angle <p = 90° (x - 0 mm). As the waveguide mode 

is polarized in the x direction (shown in Fig. 4.1), the scan of the measured pattern 

gives the perpendicular polarization scatter results. 

Wide angle comparisons between Mie simulation results and the experimental 

results are now given in the space domain. Figures 4.14(a) and (b) show the 
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representative comparisons in the space domain for 9.6um and 15um beads (Figs. 

4.13(b') and (c')), respectively. We obtained 11 peaks for 9.6um beads and 17 

peaks for 15um beads both from Mie theory simulations and from experimental 

results. The peak locations match well between Mie simulation results and 

experimental results for both the 9.6um and the 15um beads, especially in the 

position range 0~2.3mm, which is in the angular range of 63°~90° (according to 

Fig. 4.10(b)). We apply a Fourier high pass filter removing spatial frequencies 

lower than 0.5 (1/mm) on the experimental results in Figs. 4.14(a) and (b). These 

low frequency components are from the experimental bumps. This can be 

explained as follows. We assume the background light sources are many single 

small scatterers in the microfluidics channel. These small scatterers can be treated 

as point light sources (diameter far less than the distance to the CCD screen). 

Most of these scatterers are in the observation window area, thus can be assumed 

to be above the center area of the CCD. The light intensity from a point source 

received by a plane CCD surface is proportional to cos(#) , where 6 is the 

incident angle to the CCD surface. The CCD center area receives more intensity 

compared to the CCD edges, causing the experimental bumps. 

The filtered experimental results are shown in Figs. 4.14(a) and (b) as solid 

lines, which show that the experimental bumps can be removed by filtering out 

smallest frequency components 0-0.5 (1/mm) in the Fourier domain. The filtered 

experimental results give better comparisons with the Mie simulation results. The 

good agreements between the peak numbers and peak positions in the 

experimental and theoretical spectra for both 9.6um and 15urn beads 

demonstrated in Figs. 4.14(a) and (b) also confirm the effectiveness of our method 

for determining the location of 90° scatter in the 2D scatter patterns. 
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Figure 4.14 Wide angle comparisons between experimental and Mie simulation results. 
Figures (a) and (b) show the wide angle comparisons between Mie simulation and 
experimental results. The dotted line shows the Mie simulation results, the solid line with 
plus signs shows the experimental results, and the solid line shows the Fourier filtered 
results. Figures (c) and (d) show the comparisons in the Fourier domain for both 9.6 and 
15 urn bead results. The Fourier spectra are normalized to have typical peak amplitudes of 
1.5 and 1.0 for the Mie simulation and experimental results, respectively. 

Because the angular intensity distribution of the Mie results for any scatterer 

has an oscillatory distribution,20' 21 we explore the application of Fourier 

transforms on both the Mie simulation results and the experimental results and 

perform wide angle comparisons in Fourier domain. Figures 4.14(c) and (d) show 

the representative comparisons in the Fourier domain for both 9.6um and 15um 

beads (frequency components greater than 20 (1/mm) are with very small 

amplitudes and not shown here), respectively. The typical peak for the 

experimental result was determined as the highest frequency peak from the 

dominant part of the full Fourier spectra. As there is no single scatterer in the 
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medium that is larger than the bead, the amplitudes of the higher frequency 

components than this typical peak frequency are significantly smaller. The 

comparisons show that the 9.6um bead has a typical peak located at 3.79 (1/mm) 

both from Mie simulations and experimental results, and 5.97 (1/mm) for the 

15um bead. In Fig. 4.14, the Fourier transforms of the Mie simulation results give 

only one dominant peak in the whole Fourier spectrum for each size of beads. 

Thus the sizes can be estimated by the locations of this dominant peak. These 

typical peaks (Figs. 4.14(c) and (d)) in the Fourier domain correspond to the total 

peak numbers found from Figs. 4.14(a) and (b) in the space domain, and increase 

with the particle sizes. In Figs. 4.14(c) and (d), good agreement is obtained for the 

typical peak positions between the Mie theory and experimental results. 

4.6 A Fourier method for quick micro-size differentiation 

The above study shows that the oscillatory property of the scattered intensity 

distribution will give certain peaks in the frequency domain. Applying this 

principle to beads ranging from 4 to 20um in diameter, a Fourier method for quick 

size differentiation is developed. Compared with an analysis based on matching 

the fringes between experimental and theoretical simulation results, the Fourier 

analysis offers a quicker method for size differentiation. The Fourier method 

developed here can potentially be useful for the real time characterization of cell 

samples in clinics. 

The Fourier transform was applied to all the Mie simulations and the 

experimental results for the polystyrene beads ranging in size 4|xm to 20um. In 

Fig. 4.15, the open squares and triangles indicate the Fourier results for the Mie 

simulations of the beads with an air gap " 1 " (see Fig. 4.1) of thickness 350 and 

550um, respectively. The cross signs are the Fourier results for the experimental 

patterns as shown in Fig. 4.13. Referring back to Fig. 4.1, the thicknesses of air 

gap " 1 " and air gap "2" play important roles as the light travels from an optically 

dense medium into air. As shown in Fig. 4.15, an air gap thickness of 350um 
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gives higher peak frequency values as compared with an air gap thickness of 

550um. 
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Figure 4.15 FFT method for quick micro-size differentiation. Fourier peaks of the 
experimental and Mie simulation results for 4, 9.6, 15, and 20um beads are shown. The 
open squares and triangles are the Mie simulation results for the four different sizes of 
beads, for an air gap " 1 " thickness of 350p,m and 550p,m, respectively. The inset shows 
the experimental and theoretical results normalized to the calibration values. 

The Fourier analysis was also performed on different sets of experimental 

results (Table 4.1). Each set of the experimental results includes 4um, 9.6um, 

15urn and 20pm beads. The Fourier peak frequencies of the other three sets of 

experimental scatter patterns are denoted as plus signs, open circles and solid dots 

in Fig. 4.15. The 512-point Fourier transform that has been used has a resolution 

of approximately 0.27 in frequency (1/mm), which gives an uncertainty of 

approximately 0.7pm for the size estimations (from Figs. 4.14(c) and (d)), shown 
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as error bars in Fig. 4.15. The Fourier peaks of the experimental results shown in 

Fig. 4.15 fall within this uncertainty range. The solid line in Fig. 4.15 is a linear 

regression of all the experimental results. This linear curve can be used to perform 

size calibrations independent of Mie theory. To illustrate differences between data 

points shown in Fig. 4.15, we have normalized them .by the calibration values 

from the linear curve. The normalized data are shown as an inset in Fig. 4.15. 

Despite differences that result from the air gap " 1 " thickness, Fig. 4.15 shows the 

effectiveness of the Fourier method for size differentiation. 

\ Frequency 
\ ( l / m m ) 

Bead size > ^ 

4 fun 
9.6u.m 

15um 
20um 

Mie 
(air gap 
350fim) 

1.63 
4.06 

6.23 
8.40 

Mie 
(air gap 
550fim) 

1.63 
3.79 
5.96 
7.86 

Experimental 
Results 

' 1 ' 

1.90 
3.80 

5.97 
8.41 

Experimental 
Results 

' 2 ' 

1.63 
3.80 
5.97 
8.14 

Experimental 
Results 

' 3 ' 

1.63 
3.80 
5.97 
8.14 

Experimental 
Results 

' 4 ' 

1.63 
3.80 
5.97 
8.41 

Table 4.1 Mie simulation and experimental results Fourier peak frequencies for different 
size beads. 

The above analysis performs a FFT on the scatter spectra in the side-scatter 

range. The FFT analysis in different angular ranges for a lOum cell with a 

refractive index of 1.38 is shown in Fig. 4.16. The FFT is performed on the 

logarithm intensity distribution as shown in Fig. 4.8. The different angular ranges 

chosen here have the same 512 points. Fig. 4.16 shows that forward scattered light 

has the sharpest and highest typical peak frequency, while the backward scattered 

light has the broadest and lowest typical peak frequency. Although we shown that 

the side-scattered light can be used to perform effective micro-size differentiation, 

the results shown in Fig. 4.16 suggest that the forward scattered light can be used 

for optimal micro-size differentiation based on the Fourier method developed here. 
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Figure 4.16 Typical Fourier peaks of a single scatterer in different angular ranges. The 
different angular ranges are chosen to have the same points for the Fourier peaks 
comparisons. 

4.7 Conclusions 

The integrated microfluidic waveguide cytometer has a planar structure in terms 

of the liquid-core waveguide and the CCD detector. A modal analysis of the 

liquid-core waveguide supports the assumption of plane wave propagation in the 

microfluidic channel. The use of Mie theory or simulation methods such as the 

FDTD to validate the experimental results are simplified when such an integrated 

structure is used. Mie theory spatially distributed intensity is mapped onto the 

plane CCD screen. The experimental 2D scatter patterns together with the no lens 

planar optical design ensure a better resolution of the angular dependence of the 

side-scatter spectra. A Fourier method was developed for quick size 
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differentiation. The analysis is confirmed by Mie theory simulations of scattering 

from the homogeneous spherical polystyrene beads used in the experiment. 

As an integrated biomedical optics instrument, our 2D cytometer has an 

important potential application in biological cell diagnostics. We have developed 

the quantitative Fourier transform based method of size determination of 

polystyrene beads. Clearly this method could be very efficient in finding out the 

size of scattering objects, cells or beads, if the Fourier transform of the scattered 

light angular distribution contains a dominant peak with a finite frequency. This is 

the case for biological cells without internal structure, for example, 

isovolumetrically sphered red blood cells.20 Alternatively, one could consider 

cells with one large size organelle which has the largest scattering cross-section, 

such as a nucleus with a large index of refraction, as for example in stem cells. 

In this chapter, we extract the ID spectra from the 2D patterns for the size 

differentiation of the micro-size polystyrene bead cell mimics. The 2D scatter 

patterns from biological cells however will contain rich information about the 

organelles. The method shown here is very useful as a first step in analyzing the 

2D scatter patterns. This would allow us to fit and/or remove scatter-pattern 

effects brought on by microscale features, potentially allowing follow-up analysis 

of organelles in biological cells. 
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Chapter 5 

Application of FDTD within the 
integrated cytometer 

5.1 Introduction 

Light scattering depends not only on the properties of the scatterer and the 

surrounding medium {e.g. size, shape, refractive index), but also on the properties 

of the incident wave (e.g. polarization, wavelength). " In the previous chapters, 

the dependence of the scattered light on the spherical scatterer sizes and refractive 

indices was studied. Recent research shows significant differences in the 

propagation of polarized light through biological tissue compared with tissue 

phantoms.4 Polarized light has been used to isolate light scattering from epithelial 

cell nuclei in biological tissue.5 Experiments have not been performed to study the 

dependence of light scattering on the polarization {e.g. parallel or perpendicular 

polarization) of the incident laser beam. The reason for this is that most 

experimental setups have not been designed with the flexibility to be able to 

perform these tasks. 

We have further developed our integrated microfluidic waveguide cytometer 

motivated by studying the polarization effects on the light scattering from 

biological cells. As a first step, measurements are made on polystyrene beads as 

cell mimics. Mie theory ' can be used to predict the polarization dependence of 

scattering. For the simulation of light scattering from complex biological cells, a 
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numerical method such as the FDTD method has to be used in order to obtain 

accurate results. However there is lack of comparisons between experimental 

results with 3D FDTD simulations. One difficulty is to transform the spatially 

distributed 3D FDTD results through an experimental apparatus onto a detector. 

The design of our integrated cytometer dramatically simplifies this procedure.6 

The application of the FDTD method in the integrated waveguide cytometer is 

introduced in this chapter. FDTD simulations of biological cell models in the 

waveguide cytometer are also performed. The randomly distributed mitochondria 

in biological cells have been shown to break the azimuthal symmetry of the 2D 

light scattering patterns. This can be of interest as the recent study by Yu et al has 

shown that the cancerous tissue exhibits much greater asymmetry in the azimuthal 

dependence of the scattered pattern than the healthy tissue.7 

This chapter is based on a journal paper that is in preparation by X. T. Su, et 

al.8 

5.2 Measurements of the dependence of light scattering on 
the polarization of the incident laser 

The integrated waveguide cytometer as discussed in Chapter 3 is further 

developed (see Fig. 5.1(a)) for studying of the polarization dependence of the 

scattered light on. A polarizer holder (Waveplate/Polarizer holder, 55010, 

Edmund Optics) is used as shown in Fig. 5.1(a). The polarizer can be rotated in 

the azimuth angle (p (Fig. 5.1(b)) in the range 0-360°. Compared with the 

experiments performed in Chapter 4, the illumination laser used here is a 

randomly polarized HeNe laser (632.8nm, 1144, JDS Uniphase). The laser beam 

is prism-coupled (BK7 prism, Edmund Industrial Optics) into the microfluidic 

channel. As can be seen from Fig. 5.1, without the polarizer the incident laser 

beam will be coupled into the liquid-core waveguide with a random polarization 

angle cp. The polarizer can be used to give a specific polarization of the incident 

laser. 
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Figure 5.1 Experimental setup for measurement of the polarization dependence and the 
light scattering geometry, (a), experimental setup, (b), light scattering geometry. The 
mode in the waveguide propagates along the +z direction. The scattered light has a polar 
angle 6, and an azimuth angle <p. The polarization angle is defined as azimuth angle q>. 

The polarization dependent scattering was measured from 15um and 20um 

diameter polystyrene beads (Fluka, Sigma-Aldrich, refractive index 1.591). The 

bead solutions were prepared as described in Chapter 4. While a single bead was 

immobilized in the micro observation window area, the polarizer was rotated to 

change the incident beam polarization angle <p. The 2D light scattering patterns 

were obtained with the CCD detector for different incident beam polarizations. 

The CCD integration time was 1/15 second. An expanded description of the 

operation of the integrated cytometer can be found in Chapter 4. Figure 5.2 gives 

the 2D light scattering patterns obtained for 15um and 20um diameter beads at 

different polarization angles. Figures 5.2(a) and (b) are the scatter patterns at 

<p = 90° for 1511m bead and 20um beads, respectively. Figures 5.2(c) and (d) are 

the scatter patterns at #> = 0° for 15um bead and 20um beads, respectively. Figure 

5.2 shows that the light scattering pattern at <p = 0° gives clearer fringes compared 

with those at <p = 90°. 
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0" 0° 
TX 

Figure 5.2 2D Light scattering patterns at different polarizations for different size 
polystyrene beads. Figures (a) and (b) are the scatter patterns at a polarization angle of 
90° for a 15um bead and a 20um bead, respectively. Figures (c) and (d) are the scatter 
patterns at a polarization angle of 0° for a 15um bead and a 20um bead, respectively. All 
the figures (a) to (d) are illuminated by a 632.8nm laser. 

5.3 Analysis of the polarization dependence of the scatter 
patterns 

All the scatter patterns shown in Fig. 5.2 have sizes approximately 1.84mm 

horizontally by 2.1mm vertically on the CCD. The scatter patterns have 256 

pixels horizontally and 256 pixels vertically. The (0, 0) pixel is at the left upper 

corner, and the (255, 255) pixel is at the right lower corner. According to the 90° 

polar angle determination method developed in Chapter 4 and the fact that the 2D 

light scattering patterns for homogeneous spherical particles are symmetric about 

azimuth angle <p = 90° , we have determined that the pixel at (128, 128) 

corresponds to 9 = 90°, and cp = 90° . The 256 horizontal pixels of the scatter 

patterns in Fig. 5.2 corresponds to the polar angle scatter range 78-102° as 

determined by the Mie mapping code in the multilayer waveguide transformation. 
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In order to show the differences between the light scattering patterns at 0 and 

90°, representative cross section scans of the 20um bead light scattering patterns 

(as shown in Fig. 5.2(b) and (d)) are performed. A scan of Fig. 5.2(b) from 0-255 

pixels horizontally and averaged from 127-129 vertically gives the parallel 

polarization scatter spectra, shown as the dotted line in Fig. 5.3. A scan of Fig. 

5.2(d) from 0-255 pixels horizontally and averaged from 127-129 vertically 

gives the perpendicular polarization scatter spectra, shown as the solid line in Fig. 

5.3. Figure 5.3 shows quantitatively the difference between the light scattering 

spectra at different polarization angles for a 20um bead. 
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Figure 5.3 Representative light scattering spectra for a 20um bead at different 
polarization angles. 

In Chapter 4, a Fourier analysis has been used for size differentiation. Fourier 

transforms are also performed here to show the dependence of the light scattering 

on the incident laser polarization angles. Figure 5.4 shows the Fourier transforms 
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of the 20um bead light scattering spectra as shown in Fig. 5.3. From Figure 5.4, 

the Fourier spectra of a 20um bead at a polarization angle of 0° (perpendicular 

polarization) has a typical peak at frequency 8.14 (1/mm), which agrees well with 

the analyses performed in Chapter 4. The differences between the Fourier spectra 

of a 20um bead at different polarization angles are distinguishable, as shown in 

Fig. 5.4. 
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Figure 5.4 Fourier transforms of the 20(xm bead light scattering spectra at different 
polarization angles. 
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5.4 Application of FDTD simulations to the integrated 
cytometer 

5.4.1 Method to apply the 3D FDTD results onto a plane CCD 

The planar waveguide structure and the FDTD geometry that was used to transfer 

the 3D FDTD results onto a plane CCD are shown in Fig. 5.5. In Fig. 5.5(a), Gl is 

a layer of Fisher glass slide (refractive index 1.5, thickness 1.0mm), G2 is a layer 

of Borofloat glass substrate (refractive index 1.47, thickness 1.2mm) and G3 is the 

CCD cover glass (refractive index 1.5, thickness 0.75mm). There are two air gap 

layers denoted as Air gap " 1 " (thickness 0.35mm) and Air gap "2" (thickness 

1.25mm). The laser mode propagates along the +z direction and is polarized along 

the x direction. For a scatterer located at the origin as shown in Fig. 5.5(a), the 

scattered light will be collected by a CCD detector after crossing the multilayer 

structure. The illustration of a scattered light ray trace is shown in Fig. 5.5(a) by 

the arrows. 

Gl 

Mode propagation 

(a) 

Figure 5.5 Illustrations of the transfer of the FDTD scattered light onto a plane CCD. (a), 
the waveguide structure contains multilayers. The light scattered by a scatterer in the 
micro-channel will be collected by a CCD sensor, (b), the geometry to transfer the FDTD 
results onto a plane CCD. Plane ABC is where the glass slide G2 sits. AC is normal to the 
plane OBC and OB is normal to the plane ABC. 
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The FDTD method was used to calculate the scattered intensity from the 

scatterer located at the origin. In Fig. 5.5(b), the incident laser beam is assumed to 

propagate along the zdirection (k) and is polarized along the xdirection. The 

scattered light (ks) has a polarization (Es), which is the same as the incident laser 

beam. 

Geometry calculations in Fig. 5.5 show that, 

sin a0 - sin 6 • sin <p (5-1) 

cos /?0 = |cos d\ I cos a0. (5.2) 

The incident angle of ks to the plane ABC is, 

0; = ; r /2 -a 0 . (5.3) 

And Es in the plane OAB can be decomposed as perpendicular component (EsX) 

and parallel component (Esll), 

Es±=Es-cos{J0 (5.4) 

£S|l=£s-
sinA>- (5-5) 

The incident scatter intensity to the plane OAB can be decomposed as 

'u-fH^if (5-6) 

'fl^W- (5-7) 

Since/, =—-LEJ , we have 
' 2 ! ! 

/a=/,..(cos/?0)2 (5.8) 

/,.„=/,.• (sin /J0)2, (5.9) 

and/, = IiX + /,|| is the FDTD scattered intensity calculated at point A. 

Using Equations (5.8) and (5.9), the scattered intensity was transformed into 

the incident intensity at the interface between the fluid and the glass substrate G2. 

The Fresnel Equations and the transmittance T for the intensity transforms are 

considered at this interface. The amplitude transmission coefficients of Fresnel 
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Equations for perpendicular (t±) and parallel polarization (tn), respectively, are 

given as 

2sinfl,cos£,. 
I sin(0,+0,) 

t =
 2 s i n e, cos 0, (5U) 

II sin(0,+0,)cos(0,-0,)' 

where <9, denotes the incident angle from medium n, to medium nt, and 0, denotes 

the refracted angle from medium «, to medium nt . The following intensity 

transform is the same as that used with the Mie mapping code described in 

Chapter 4. For simplicity, only the last step used for the intensity transform is 

shown here. The transmitted intensity /, after the interface of the fluid and the 

glass substrate G2 for perpendicular (/,x) and parallel polarization (IAl) can be 

written as 

costt n, 

I3COS0LT = ^ 

cos e, " n, 
T ^ l i i ^ L T - ^ , , , (5.13) 

where/, =Itl +Itn. Equations (5.12) and (5.13) are applied at each interface in the 

waveguide structure to finally transform the scattered intensity onto the CCD 

plane. 

5.4.2 Comparison of FDTD and experimental results for 
polystyrene beads 

Mie analytical results have been used to compare with the polystyrene beads 

experimental results. The application of FDTD simulation in the integrated 

cytometer aims for better understanding of light scattering from biological cells. 

Biological cells however are with irregular shapes and complex inner structures, 

making it challenging for exact simulations. Our AETHER code has been 

calibrated with Mie theory.10 In order to better understand the 2D scatter patterns 
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of biological cells, as a first step, it is of interest to compare the 2D FDTD 

simulations with polystyrene bead experimental results. 

In the experiments, a HeNe laser (543nm, 5mW, Melles Griot Laser Group) 

was prism-coupled (BK7 prism, Edmund Industrial Optics) into the waveguide. 

The polystyrene beads used here are 9.6 urn (Interfacial Dynamics Corp.) and 

15 urn (Fluka, Sigma-Aldrich) in diameter. While immobilizing a single bead in 

the observation window area (in Fig. 5.5(a) with a radius of r0=200//m ), a 

defocused scatter image was taken by using a digital camera, and a 2D scatter 

pattern was obtained simultaneously by using a CCD detector. More details about 

how this system works was described in Chapter 4. A plane wave with a 

wavelength of 543nm is assumed as the illumination source in the FDTD 

simulations. The polystyrene beads (refractive index 1.591) are in a surrounding 

medium of water (refractive index 1.334). Using the above developed equations, 

FDTD simulation scatter intensities were transformed onto a CCD screen. 

A comparison between the experimental results and the FDTD simulations are 

shown in Fig. 5.6. Figures 5.6(a) and (b) show the defocused scatter images from 

the immobilized 9.6um and 15 urn polystyrene beads, respectively. The integration 

time used for the digital camera is l/4s. The experimental scatter patterns obtained 

by using a CCD array (integration time l/15s) are shown in Fig. 5.6(c) and (d) for 

the 9.6um and 15um polystyrene beads, respectively. Both Figure 5.6(c) and Fig. 

5.6(d) have size of approximately 2mm horizontally and 4mm vertically. Figure 

5.6(d) shows a higher frequency for the scatter pattern distribution compared with 

Fig. 5.6(c). This is true as the bigger the scatterer size, the higher is the frequency 

of the scattered intensity distribution. The FDTD simulation results for 9.6um and 

15um polystyrene beads in the waveguide are given as in Fig. 5.6(e) and (f), 

respectively. Vertical lines are drawn in Fig. 5.6 to compare the experimental and 

simulation results, and good agreement for both 9.6 and 15um polystyrene beads 

are obtained. 
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9.6pm Bead 
15pm Bead 

Observation Window 
Observation Window 

z (ram) 

Figure 5.6 Comparisons between polystyrene beads experimental and FDTD simulation 
scatter patterns, (a) and (b) are the polystyrene beads defocused scatter images excited by 
a green laser in the micro-channel obtained by using a digital camera, (c) and (d) are the 
2D scatter patterns from the 9.6 and 15(am polystyrene beads obtained by using a CCD 
array, respectively, (e) and (f) are the FDTD simulation results for the 9.6 and 15um 
polystyrene bead scatter patterns in the waveguide cytometer, respectively. The white 
dotted lines between (c) and (e), (d) and (f) are drawn to show the corresponding fringe 
positions between experimental and FDTD simulation results. 
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As shown in Fig. 5.6, 10 bands are obtained for 9.6um polystyrene bead, and 

15 bands are obtained for 15um polystyrene bead, for both experimental and 

FDTD simulation results. The band positions match between experimental and 

simulation scatter patterns for both the 9.6 and the 15um polystyrene beads. 

Figure 5.7 shows a representative cross section comparison between the 

experimental and FDTD simulation results for 15um bead as shown in Fig. 5.6(d) 

and(f). 
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FDTD simulation 
Experimental, 15um bead 

0.4 0.6 0.8 1.0 

z (mm) 

Figure 5.7 A cross section comparison between experimental and FDTD simulation 
results for 15um bead. The cross sections shown here are along z axis at x = 0mm as 
shown in Fig. 5.6. 

5.4.3 FDTD simulation of biological cells within the integrated 
cytometer 

The FDTD method can be used to predict light scattering in the integrated 

waveguide cytometer for cases where Mie theory is not applicable. An example is 

the following case where light scattering from a biological cell with randomly 
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distributed organelles. The models used here are white blood cells, which are 

spherical structures with complex inner organelle distributions. A FORTRAN 

program was written to generate randomly distributed organelles inside a 

spherical shell (or ellipsoidal structure). The program guarantees there is no 

overlap between the organelles inside the spherical shell. The organelles are 

assumed to be spherical and can be of different sizes. 

Most white blood cells have a cell radius around 5 urn, with a nucleus of 

approximately 3um in radius. In the FDTD simulations to be described, the white 

blood cells are assumed to be located at the origin in the cytometer. The cell 

cytoplasm has a refractive index of 1.38, and the nucleus has a refractive index of 

1.39 (located at the origin of the cytometer). Two different cell structures were 

studied, one for a white blood cell with 180 mitochondria (500nm in radius, with 

a refractive index of 1.42), and the other for a white blood cell without 

mitochondria. The illumination source is a 543nm green laser, and the 

surrounding medium has a refractive index of 1.334. 

Figure 5.8 shows the representative FDTD light scattering intensity 

distributions along the z axis at symmetrical x positions about x = 0 mm for the 

cell models with and without mitochondria. The solid line in Fig. 5.8 shows the 

FDTD results for the cell model without mitochondria at x = -1.33 mm, while the 

triangle signs show the FDTD results for the same cell model at x = 1.33 mm. 

Similarly, the dotted line in Fig. 5.8 shows the FDTD results for the cell model 

with 180 mitochondria at x = -1.33 mm, while the circle signs show the FDTD 

results for the same cell model at x = 1.33 mm. From Fig. 5.8, we find that for the 

cell models without mitochondria, the light scattering intensity distributions 

overlap with each other at x = -1.33 mm and x = 1.33 mm. Thus the light 

scattering intensity distributions are approximately azimuthally symmetric about 

x = 0 mm for the cell models without mitochondria. However, for the cell models 

with mitochondria, this azimuthal symmetry is broken as shown in Fig. 5.8 due to 

the randomly distributed mitochondria. The light scattering intensity distributions 
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in Fig. 5.8 for the cell models with 180 mitochondria at symmetrical xpositions 

not only have different intensity levels, but also have different intensity peak 

distributions. Figure 5.8 shows that the randomly distributed mitochondria in 

biological cells break the azimuthal symmetry (cell model without mitochondria) 

of the 2D light scattering patterns. 

3 

c 
3 
c 

2.0 

1.5 

Without mitochondria, x=-1.33mm 
A Without mitochondria, x=1.33mm 

• • • With 180 mitochondria, x=-1.33mm 
o With 180 mitochondria, x=1.33mm 

-0.5 0.0 0.5 1.0 

Position on CCD along z axis (mm) 

Figure 5.8 Mitochondria break the azimuthal symmetry of the 2D light scatter patterns. 
The results show the light scattering intensity distributions along z direction at 
different x positions. The light scattering intensity distributions from biological cell 
models with or without mitochondria are shown at symmetrical x positions. 

5.5 Conclusions 

The integrated microfluidic waveguide cytometer was further developed in order 

to examine the dependence of light scattering on polarization. The polarization 

dependence was studied for different size polystyrene beads. The experimental 

results show that the light scatter patterns depend on the incident laser 

polarization angles. The incident laser with a polarization angle of 0° gave clearer 

scatter patterns and sharper Fourier peaks. Thus for light scattering measurements 
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from biological cells, the incident wave polarization effects must also be 

considered. 

In order to study the effects of complex incident wave properties and complex 

scatterer structures on the light scatter patterns, the FDTD method was applied in 

the integrated waveguide cytometer. The 2D FDTD simulations agreed with the 

experimental results from different size beads. FDTD studies of biological cells 

with complex inner structures showed that the randomly distributed mitochondria 

in biological cells break the azimuthal symmetry of the 2D light scattering 

patterns. This would be of interest in understanding of light scattering from 

biological cells with complex inner structures. 
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Chapter 6 

Light scattering from biological 
cells in the integrated cytometer 

6.1 Introduction 

The integrated microfluidic waveguide cytometer described in the previous 

chapters is capable of obtaining 2D side-scatter patterns from single cells. ' The 

side scatter is rich in information about the mitochondria.3"7 Furthermore, the 

capture of 2D light scattering patterns provides far more information about 

biological cells compared with ID signals and may allow the characterization of 

cells independently of their orientation8. Although Mie theory9' 10 is a useful 

starting point to predict light scatter by (typically) spherical structures, biological 

cells (with their organelles and non-spherical shapes) are far too complex to be 

modeled by Mie theory. Numerical simulations via Finite-Difference Time-

Domain (FDTD) methods5 '6 '1M3 have been applied to model scattering by such 

complex structures, allowing the study of biological cells with a spatial resolution 

of tens of nanometers, readily resolving the scattering effects by the various 

organelles (micron and sub-micron in scale) in a single cell. Although Lu et. al. 

have determined the FDTD 2D scatter patterns of a biconcave shaped human red 

blood cell, the bulk of these FDTD simulations have focused on the 

characterizations of the ID scatter spectra to extract cellular information. The 

application of the FDTD method in the integrated cytometer has been developed 
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and validated in Chapter 5. In this chapter, comparisons between the experimental 

2D scatter patterns of biological cells with those obtained by 3D FDTD 

simulations are performed. We use these comparisons to determine the origin of 

the major features in the scatter patterns. 

Our simulation results show that the cytoplasm and the nucleus of single cells 

produce fringes in the 2D scatter patterns, while the mitochondria within the cell 

create a pattern of localized regions of higher intensity in the scatter patterns. We 

refer to these localized regions as "small scale 2D structures" and we are not 

aware of any prior reports in the literature of such observations. As expected, the 

scatter patterns produced both by the FDTD simulations and from experiments 

involving yeast cells, show fringes. We demonstrate that the different orientations 

of a yeast cell in the microchannel will change the fringe patterns, but will not 

generate the small scale 2D structures. By contrast, FDTD simulations and 

experimental scatter patterns from human (Raji) cells show scatter patterns that 

are dominated by small scale 2D structures. We demonstrate here that the small 

scale 2D structures provide information about the mitochondrial distribution in a 

human cell. Given the important role of mitochondria in human diseases such as 

cancer,14 aging,15 Parkinson's and Alzheimer's,16 a non-invasive method of 

characterizing mitochondria could be of great importance as a diagnostic tool. 

The Fourier method developed in Chapter 4 is further applied to size yeast 

cells in this chapter. 

This chapter is partly based on a recently published journal paper by X. T. Su, 

etal}1 

6.2 Effects of mitochondria upon the scatter patterns 

6.2.1 FDTD simulations of cell models in the waveguide cytometer 

For the cell model in the liquid-core waveguide cytometer as shown in Fig. 6.1, 

the light scattering recorded by the CCD will be affected by the cell orientation 

and the organelle distribution. Programs were written to distribute organelles 
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randomly throughout the cytoplasm of the cell. The nucleus and the mitochondria 

were assumed to be spherical while the cell itself could be ellipsoidal. To study 

the cell orientation effects, the ellipsoidal cell model was used. The cell can be 

rotated through any polar angle 6 about the x axis as shown in Fig. 6.1. The 

minimum distance between any two organelles is usually set to lOnm. The codes 

ensure that there is no overlap of organelles, and the organelles are all inside the 

cytoplasm of the cell. The outputs of these codes have information about the cell 

component size and refractive index, which can be used as the input data for the 

FDTD simulations. The output data of these codes are visualized by using the 

AVS software (Advanced Visual Systems Inc., USA). In the visualization, 

different colors are used to denote the refractive index for each kind of organelle. 

The axes in the artificial cell models show the cell orientations. Unless otherwise 

specified, the nucleus and the cell itself are centered at the origin. The 

visualization helps for better understanding of the FDTD scatter patterns related to 

the cellular structure and shape. 

We have applied the FDTD code to the compact planar waveguide cytometer.1 

For a cell model in the liquid-core waveguide cytometer, the scattered light 

propagates from the liquid core through a substrate (1.2mm, refractive index 1.47), 

an air gap (0.35mm), a CCD cover glass (0.75mm, refractive index 1.5), and 

another air gap (1.25mm), until 2D light scattering patterns are obtained on the 

plane CCD screen. The FDTD simulations were performed on Silicon Graphics 

Inc. (SGI) parallel computers under WestGrid (a collaborative project that 

provides high performance computing and multimedia/visualization resources to 

researchers and educators across Western Canada). For the larger Raji cells, a 

large memory allocation of 120 Gigabyte (GB) is typically required to perform a 

simulation, and approximately 40 hours of running time is needed for a space step 

of 50nm. For a smaller yeast cell, a memory of 12GB is usually allocated and the 

simulation can be finished within 24 hours for a space step of 30nm. The number 

of processors required depends on the memory of each processor (typically 
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memory of 0.25GB, 0.5GB and 1.0GB). The inset in Fig. 6.1 provides additional 

information regarding the FDTD geometry. 

^"T 
Mode propagation/ft * <m 

Superstrate 

Substrate 

Scatt&Sd light "fc?„„*I*l£i :„u^iolOgiCal Ce"" 

CCD detector 

Figure 6.1 Illustration of a biological cell in the planar waveguide structure and its 
scattering geometry. The incident wave vector is along the z axis, while polarized along 
the x axis. The scattered wave vector has a polar angle 9 , and an azimuth angle <p. For all 
the studies in this chapter, the cell is centered at the origin. The scattered light goes from 
the liquid core through a substrate (1.2mm, refractive index 1.47), an air gap (0.35mm), a 
CCD cover glass (0.75mm, refractive index 1.5), and another air gap (1.25mm) onto a 
CCD surface as shown in Fig. 4.6. 

6.2.2 FDTD study of the mitochondria effects upon the 2D scatter 
patterns 

For the purposes of studying light scattering, the biological cells are described in 

terms of size and refractive index variations. Unless otherwise specified, for the 

FDTD simulations in this chapter, the cytoplasm is taken to have a refractive 

index of 1.38,18 the nucleus 1.39,19 the mitochondria 1.42,20 and the cell is 

immersed in phosphate buffered saline (PBS) of refractive index 1.334.21 A 

program has been written to generate (3D) artificial biological cell models 

comprised of a membrane, a nucleus, cytoplasm and a random distribution of 

mitochondria throughout the cytoplasm. The visualizations of these 3D biological 

cells are shown in Fig. 6.2. The cell in Fig. 6.2 has a radius of 2u.m, a nucleus 
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with a radius of lum, and contains 40 mitochondria, each with a radius of 250nm. 

In Fig. 6.2(a), the cell only has a nucleus and cytoplasm, while Fig. 6.2(b) shows a 

cell with only randomly distributed mitochondria (random seed I). In Fig. 6.2(c), 

the cell has randomly distributed mitochondria (random seed I), a nucleus, and 

cytoplasm. Figure 6.2(d) has randomly distributed mitochondria (random seed II), 

a nucleus, and cytoplasm. The FDTD method has been applied to simulate these 

models in an environment that includes the effects of the integrated microfluidic 

waveguide cytometer1 (leading to a distortion of the scatter patterns). The FDTD 

geometry and the planar waveguide structure are illustrated in Fig. 6.1. The 

calculated 2D scatter patterns are in the zx plane, where z is the horizontal axis 

and x is the vertical axis. In this study, a 632.8nm HeNe laser is used to 

illuminate the single cells in the microchannel. 

Representative 2D FDTD scatter patterns are shown in Figs. 6.2(a') to (d') for 

the cell models shown in Figs. 6.2(a) to (d), respectively. As is seen in Fig. 6.2(a'), 

when there is only the cytoplasm and a nucleus in the cell, the 2D scatter pattern 

has only fringes. Figure 6.2(b') corresponds to the case where only mitochondria 

are present and shows a 2D scatter pattern with a sparse distribution of localized 

regions of high intensity (i.e. "small scale 2D structures"). Figures 6.2(a') and (b1) 

show that the microstructures in the cell, such as the nucleus and the cytoplasm, 

give continuous fringes in the 2D scatter patterns, while the sub-micron scale 

mitochondria give a distribution of small scale 2D structures. Figure 6.2(c'), 

corresponding to a cell model (Fig. 6.2(c)) containing cytoplasm, a nucleus, and 

mitochondria, shows scatter patterns containing both fringes and small scale 2D 

structures. Figure 6.2(d') also corresponds to a cell model (Fig. 6.2(d)) containing 

cytoplasm and a nucleus, but has a different distribution of mitochondria. 

Although Fig. 6.2(c') and (d1) have the same number and position for the fringes, 

they have different distributions of the small scale 2D structures. 
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Figure 6.2 Various cell models and their corresponding 2D FDTD scatter patterns, (a), a 
cell with a nucleus (cyan) and the cytoplasm (magenta) only, (b), randomly distributed 
mitochondria (random seed I) only, (c), a cell with a nucleus, the cytoplasm, and the 
randomly distributed mitochondria (random seed I), (d), a cell with a nucleus, the 
cytoplasm, and the randomly distributed mitochondria (random seed II). (a'), (b1), (c1) and 
(d') are the calculated 2D FDTD scatter patterns for the cell models (a), (b), (c) and (d) in 
the microfluidic waveguide cytometer, respectively. 

The patterns shown in Figure 6.3 indicate that the position and size changes of 

the nucleus in a single cell do not generate small scale 2D structures. The cell 

models used for the simulations in Fig. 6.3 are with the same cell size as in Fig. 

6.2(a), but with different nucleus size and positions in the cell cytoplasm. The 

AVS visualization of these cell models are not shown here. Compared with the 

FDTD 2D scatter patterns shown in Fig. 6.2(a'), we obtained different FDTD 2D 

scatter patterns for the cell models with nucleus size and position variations. 

Shown in Fig. 6.3 are the FDTD 2D scatter patterns obtained on the plane CCD. 

Figure (a) is the 2D FDTD scatter pattern for a cell with a nucleus of 1.2um in 

diameter, and Fig. (b) is for the case of a nucleus with a diameter of 2.8p.m. 

Figures (c) and (d) have the same size of nucleus as in Fig. 6.2 but at different 

positions. The nucleus for Fig. (c) is centered at (0, 0, 0.4)um, and the nucleus for 

Fig. (d) is centered at (0, 0, -0.4)um. Figure 6.3(e) shows the cross sections along 

z axis at x = 0 mm for (a), (b), (c), and (d). 
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Figure 6.3 Representative figures showing nucleus size and position effects on the scatter 
patterns. Figure (a) has a nucleus of 1.2um in diameter, and Fig. (b) has a nucleus of 
2.8um in diameter. Figures (c) and (d) have the same size of nucleus as in Fig. 6.2 but at 
different positions. The nucleus for Fig. (c) is centered at (0, 0, 0.4)um, and the nucleus 
for Fig. (d) is centered at (0, 0, -0.4)um. (e) shows the cross sections along z axis at 
x = 0 mm for (a), (b), (c), and (d). All the simulations are with the same incident intensity. 
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The results in Fig. 6.2 and Fig. 6.3 show that the spherical cell with a spherical 

nucleus generates the fringes, while the randomly distributed mitochondria 

generate the small scale 2D structures. 

6.3Yeast cell 2D experimental scatter patterns 

6.3.1 Measurements of yeast cells with the integrated cytomter 

The illumination source used in the experiments was a 632.8nm HeNe laser 

(Melles Griot Laser Group). We performed the measurements using the integrated 

microfluidic 2D cytometry system described in Chapter 3. 

After positioning a cell in the window we verify its identity (as a cell rather 

than a dust particle, bubble or other contaminant) by photographing it from above, 

and then acquiring its scatter pattern by integrating for 1/15 seconds. The scatter 

patterns shown here are reproducible, representative and typically give a signal of 

about 20 counts for a yeast cell, while the signal of the brighter mitochondrial 

small scale 2D structures are typically 30-50 counts out of a maximum CCD 

signal of 256 counts. 

Saccharomyces cerevisiae yeast cells were prepared in our lab by 

resuspending the dried cells in filtered water (0.8um filter, Millipore Corp., USA), 

diluting the resulting cells to a concentration of -2000 cells/ml and sonicating for 

2 minutes. The yeast cell sample was prepared and used the same day. 

The Saccharomyces cerevisiae yeast cells used in this study are ellipsoidal 

structures, with a thick cell wall of about several hundred nanometers, a nucleus 

size of about lum in radius, and a few to tens of mitochondria, each with a radius 

of several hundred nanometers.22'23 

In Fig. 6.4, we show the 2D scatter pattern with fringes from a single yeast 

cell immobilized in the observation window area. Images of the same yeast cell 

taken with the Axiovert microscope show that it is an elliptical structure, with a 

semimajor axis of approximately 3 urn, and a semiminor axis of approximately 

2.5um. 
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Figure 6.4 The 2D scatter pattern (showing several fringes) experimentally obtained from 
a yeast cell located within an integrated waveguide cytometer. 

6.3.2 Yeast cell orientation effects 

The orientation of a cell has a strong effect on its ID elastic light scattering 

spectrum.8 In order to show how strongly the orientation changes of a cell affect 

the 2D scatter patterns, FDTD simulations were performed on the ellipsoidal yeast 

cell models. Figures 6.5(a) and (b) show the AVS visualizations of the yeast cell 

models in the microchannel. The cell wall has a thickness of 200nm, the nucleus 

has a radius of 1.2um, and the 40 randomly distributed mitochondria are assumed 

spherical with radii of 250nm. The refractive index for the cell wall is 1.45,24 1.42 

for the mitochondria, 1.39 for the nucleus, and 1.38 for the cytoplasm. Each of the 

simulated yeast cells had the same number and distribution of mitochondria prior 

to rotation. Figures 6.5(c) and (d) show that distinctly different fringe patterns 

result from the different cell orientations in the microchannel. Comparing Figs. 

6.5(c) and (d) with Fig. 6.4, we find similar fringe distributions from the 

experiment and the FDTD simulation - there are around 5 fringes in the same 
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CCD dimensions and neither Figure 6.5(c) nor (d) have obvious small scale 2D 

structures. 

Figure 6.5 Yeast cell 2D FDTD scatter patterns with fringes, (a), a yeast cell model with 
its long axis along the z direction, (b), same yeast cell as in Fig. 6.5(a) rotated along x 
axis by 45°. The yeast cell has a long axis of 2.9um in radius, and both the two short axes 
have a radius of 2.4um. The cyan sphere is the nucleus centered at the origin. The blue 
spheres are the random distributed mitochondria. The yeast cell wall and cytoplasm are 
shown in different colors of grey and magenta, respectively, (c) and (d) are the FDTD 
scatter patterns for the cell models (a) and (b), respectively. 

Figure 6.6 shows yeast cell models and scatter patterns for cells with the same 

structures as those in Fig. 6.5 except that they do not have the mitochondria. 
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Comparing Fig. 6.6 with Fig. 6.5, we find that the mitochondria effects in the 

yeast cell models will not generate the small scale 2D structures. Figure 6,4, Fig. 

6.5 and Fig. 6.6 show that the yeast cell scatter patterns are dominated by the 

fringes from the microstructural cytoplasm, nucleus and cell wall. 

0 O.S 1 1.S 2 
z(mm) 

Figure 6.6 Representative figures showing that yeast cell orientation effects (cells without 
mitochondria) will not generate small scale 2D structures. Figures 6.6(a) and (b) are the 
same yeast cells as in Fig. 6.5, but without the mitochondria. Figure 6.6(a) is the yeast 
cell with the cell wall, the cell cytoplasm and the nucleus at an orientation of polar angle 
0°, while Fig. 6.6(b) at an orientation of polar angle 45°. Figure 6.6 shows that the 
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orientation effect of the microstructures in a yeast cell will not generate the small scale 
2D structures. The orientation effects change the fringe distributions. 

In contrast to the simulations of Fig. 6.2, there are no obvious small scale 2D 

structures in the yeast cell 2D scatter patterns either experimentally as in Fig. 6.4, 

or in the simulations as in Fig. 6.5. This is despite having the same number and 

size of mitochondria in the simulations of Fig. 6.2 as in those of Fig. 6.5. We 

attribute this difference to the very strong role played by the yeast cell wall (not 

present in the simulation of Fig. 6.2). This wall is not only thick, but also occupies 

a substantially higher volume, with a higher refractive index, than the 

mitochondria. In the yeast cell models used here, the volume ratio for the 

mitochondria (refractive index 1.42) to the whole yeast cell is 3.74%, and the 

volume ratio for the cell wall (refractive index 1.45) to the whole yeast cell is 

21.77%. As such it would appear that for yeast cells the microstructure (here the 

thick yeast cell wall) dominates the side-scatter patterns and no small scale 2D 

structures are generated. 

6.4 Human cell 2D scatter patterns with "small scale 2D 
structures" 

6.4.1 Measurements of Raj i cells with the integrated cytometer 

We have used Raji cells from a lymphoblast-like cell line created from a human 

Burkitt's lymphoma (ATCC (American Type Culture Collection), CCL-86). The 

Raji cells we used were grown in 90% RPMI-1640 (Roswell Park Memorial 

Institute) medium with 2mM L-Glutamine (Gibco, Invitrogen Corporation, 

Canada) supplemented with 10%) Fetal Bovine Serum (Gibco, Invitrogen 

Corporation, Canada) plus 10|ag/mL Gentamicin (Gibco, Invitrogen Corporation, 

Canada) and lOmM Hepes Buffer (Gibco, Invitrogen Corporation, Canada). Cells 

were cultured in a six-well multiwell plate (Becton Dickinson, USA) at 105/mL 

for 3-4 days before reaching confluency. They were incubated at 37°C (Forma II, 

Thermo Electron Corp., USA) in 5%> CO2 (Praxair, Canada). 
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In order to more easily handle these biohazardous cells, they were fixed (i.e. 

killed) using a formaldehyde fixation method. They were centrifuged at 2000rpm 

for 5 minutes in a 15mL Falcon conical tube (Becton Dickinson, USA). The 

supernatant was then removed and cells were washed with lx phosphate buffered 

saline solution (PBS). After removing the final supernatant, cells were re-

suspended in a 2% formaldehyde solution (FA) (Fisher, Canada) at a 

concentration of 10M cells per 250uL FA, for 10 minutes at room temperature. 

The cells were again washed, centrifuged, and re-suspended in lx PBS. The final 

cell concentration was transferred to a micro-centrifuge tube (Fisher Scientific, 

USA), stored on ice, and used the same day. In order to more easily use the Raji 

cells in a single-cell observation mode, the solution was diluted to a density of 

2000 Raji cells per milliliter. This method ensured that the cytometer only used 

intact cells by imaging each cell prior to acquiring the scatter pattern. 

As seen under the Axiovert microscope, the Raji cells are spherical with a 

radius of about 8um and are almost transparent in the PBS solution. Figure 6.7 

shows the scatter pattern obtained from a Raji cell, consisting of a sparse 

distribution of small scale 2D structures without any clear fringes. 

123 



Chapter 6 

Figure 6.7 The 2D scatter pattern (showing a sparse distribution of small scale 2D 
structures) experimentally obtained from a human Raji cell within an integrated 
waveguide cytometer. 

6.4.2 Mitochondria dominate the 2D Raji cell scatter patterns 

In order to compare the experimental scatter pattern with FDTD simulations, we 

use the Raji cell models shown in Fig. 6.8. The Raji cell model has a radius of 

8um and a nucleus with a radius of 4um. There are 300 randomly distributed 

mitochondria (an average number, as observed mitochondria numbers per cell 

varies in different cell types from 83~677)25 with radii of 500nm (intermediate 

size within the observed range 0.25-1 urn in radius)26. The cell cytoplasm has a 

refractive index 1.3527 (almost transparent in the PBS buffer), the nucleus has a 

refractive index of 1.39, and the mitochondria have a refractive index of 1.42. 
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Figure 6.8 Raji cell models and their 2D FDTD scatter patterns, (a), a Raji cell with 300 
randomly distributed mitochondria, a nucleus and cytoplasm, (b), a "cell" with only the 
300 randomly distributed mitochondria, (a) and (b) have the same mitochondrial 
distribution, (c) and (d) are the 2D FDTD scatter patterns for (a) and (b), respectively. 

Typical human cell membrane has a thickness about 1 Onm with a refractive 

index 1.46.28 FDTD simulations show that for a 1.5um cell (in radius), the lOnm 

cell membrane (volume ratio of 1.99%) contributes significantly less than the 

1.5um cell cytoplasm. Figure 6.9(a) is the FDTD 2D scatter pattern obtained on 

the CCD screen for a spherical cell (1.49 urn in radius) with a layer of cell 

membrane (lOnm), and Fig. 6.9(b) is the FDTD 2D scatter pattern obtained on the 

CCD screen for a spherical cell (1.5um in radius). As can be seen in Fig. 6.9, the 

cell membrane will not generate the small scale 2D structures. 
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z(mm) 

Figure 6.9 Cell membrane effects on the 2D FDTD scatter patterns, (a), FDTD scatter 
pattern for a spherical cell model (1.5um in radius) with a layer of membrane (thickness 
lOnm). (b), FDTD scatter pattern for a spherical cell model (1.5um in radius) without 
membrane. 

To show the mitochondrial contribution to the 2D scatter patterns, various cell 

models are produced as shown in Figs. 6.8(a) and (b). Figure 6.8(b) has the same 

mitochondrial distribution as in Fig. 6.8(a) but without the microstructures (cell 

cytoplasm and cell nucleus) of the cell. The corresponding 2D FDTD scatter 

patterns, shown in Figs. 6.8(c) and (d) are dominated by small scale 2D structures. 

The experimental (Fig. 6.7) and the simulation (Fig. 6.8) results for human 

cells show no obvious fringes but a significant distribution of small scale 2D 

structures. There are no clear fringes in Fig. 6.8(c), although the Raji cell model 

Fig. 6.8(a) has both the cytoplasm and the nucleus. Figure 6.8(d) has only the 

sparsely distributed small scale 2D structures, as the corresponding cell model in 

Fig. 6.8(b) has only the randomly distributed mitochondria. From Fig. 6.7, Fig. 

6.8(c) and Fig. 6.8(d), we find that the small scale 2D structures dominate the Raji 

cell 2D scatter patterns. We attribute this to the large number of mitochondria, 

their large size (this leads to stronger side scatter), and the absence of a thick cell 

wall. 
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6.5 Different cellular component contributions in yeast 
and Raji cells 

Our simulation results indicate (e.g. Fig. 6.2) that the microstructure generates 

fringes whereas the distributed mitochondria generate small scale 2D structures. 

On this basis, we initially expected to see similar behavior with yeast and human 

cells. Instead we encountered two extremes with the yeast cells producing no 

small scale 2D structures and human cells producing only small scale 2D 

structures. 

In order to quantify the reason for the observed fringes with yeast cells and the 

observed small scale 2D structures with Raji cells, FDTD simulations are 

performed separately on various components of the yeast cell shown in Fig. 6.5(a). 

In the first case, only the 40 randomly distributed yeast mitochondria are 

considered without the presence of a nucleus, cytoplasm or the cell wall. In the 

second case, only the thick yeast cell wall is considered. The individual scatter 

pattern contributions from the 40 yeast mitochondria and the thick cell wall are 

shown in Figs. 6.10(a) and (b), respectively. From Fig. 6.10(a), the 40 yeast 

mitochondria give small scale 2D structures in the 2D scatter patterns, while the 

yeast cell wall gives the fringes in the 2D scatter patterns. The representative 

intensity levels for the scatter patterns from different cell component are shown in 

Fig. 6.11. As shown in Fig. 6.11, the solid line is the intensity level of the 40 yeast 

mitochondria with an intensity peak of approximately 0.5 xio-9 (arbitrary units.). 

The line of dashed plus symbols is the scatter intensity level from the yeast cell 

wall with an intensity peak of approximately l.Oxio-8 units, and the dotted line is 

the intensity level for the 300 Raji mitochondria (cell model Fig. 6.8(b)) with an 

intensity peak of approximately 3.0xio-8 units. From the different intensity levels 

we notice that the contribution to the scattering from the yeast cell wall is 

approximately 20 times larger than that from the 40 yeast mitochondria, while the 

scattering from the 300 Raji mitochondria is approximately 60 times larger than 
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that from the 40 yeast mitochondria. The intensity level of the 300 Raji 

mitochondria is approximately 3 times larger than that of the yeast cell wall. 

Experimentally, we obtain an intensity level of 20 counts for the yeast cell, 

and 30-50 counts for the Raji cell. Based on the experimental CCD counts, the 

yeast cell's mitochondrial scattering will contribute only one count to the CCD 

detector. Such a low intensity level is undetectable in the experimental 

background and only the effects of the cell wall will be detected. 

Figure 6.10 Scatter patterns from different cell components, (a) is a scatter pattern from 
only the 40 randomly distributed yeast cell mitochondria shown in Fig. 6.5(a). (b) is a 
scatter pattern from only the yeast cell wall shown in Fig. 6.5(a). 
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Figure 6.11 Scatter intensity level for different cell components. The scanning is 
performed for the same region in Fig. 6.10(a), Fig. 6.10(b) and Fig. 6.8(d), which are the 
scatter patterns for the 40 yeast mitochondria, the yeast cell wall and the 300 Raji 
mitochondria, respectively. All the simulations are with the same incident intensity. 

In past work, our use of the new 2D cytometry method was intended to 

provide a more complete characterization of individual cells.1 The present work 

demonstrates a novel method that provides information not only on the 

microstructure within the cell, but also on the distribution of mitochondria within 

the cell. Although imaging methods exist to detect mitochondria (e.g. with 

mitochondrially selective fluorescent dyes), these often perturb the function of the 

cell and are complicated by the size of the mitochondria being near or below the 

resolution limitation of the microscopes used. The present method, is based on 

scattering principles, and will be relatively unaffected by such effects. It is 

apparent then that the scatter patterns from experiment and simulation are 
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consistent in terms of overall behavior (i.e. fringes versus small scale 2D 

structures) and in terms of the relative magnitudes of the scatter intensities. 

Clearly there is much to do in terms of extracting information from the scatter 

patterns. An example is the challenge of solving an inverse problem - we can 

simulate the scatter pattern of a parameterized cell, but given the scatter pattern of 

a cell it is far from straightforward to obtain estimates of the optimal set of 

parameters to describe that cell. This is a problem often encountered in imaging 

applications and is an active area of research. We are investigating several 

approaches (with an emphasis upon less computationally challenging ones) to 

better analyze the 2D scatter patterns. With such techniques, a brief (< 1 second) 

capture of the scatter pattern could provide information on the mitochondria of a 

living (and unperturbed) cell. Such information on the mitochondria within a cell 

could be extremely important in the detection and monitoring of disease 

conditions such as cancer, where normal and cancerous cells are reported to have 

different mitochondrial distributions. ' 

6.6 Determination of yeast cell sizes by using the Fourier 
method 

The above study has shown that yeast cell scatter patterns are characterized by 

fringes, while Raji cell scatter patterns are dominated by small scale 2D structures. 

The similarity between yeast cell scatter patterns and polystyrene bead scatter 

patterns allows us to adopt the Fourier method developed in Chapter 4 to size 

yeast cells. 

Representative 2D light scattering patterns from different yeast cells are 

shown in Fig. 6.12 (a) and (b). They are in the same angular ranges as the 

polystyrene bead light scattering patterns studied in Chapter 4. Cross section 

scans of the 2D yeast cell scatter patterns are performed horizontally, and are 

integrated over 3 pixels around x = 0 mm vertically. Fourier transforms are then 
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performed on these scanned light scattering spectra. Figure 6.12 (c) and (d) show 

the Fourier spectra for yeast cell scatter patterns (a) and (b), respectively. 
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Figure 6.12 Yeast cell scatter patterns and their Fourier spectra, (a) and (b) are scatter 
patterns for different yeast cells, (c) and (d) are the Fourier transforms of the cross section 
scan of the light scattering patterns (a) and (b), respectively. 

Calibration of our 2D cytometric technique for particle sizing has been 

performed in Chapter 4 by using different size polystyrene beads. The dotted line 

in Fig. 6.13 shows the linear fit of the experimental bead results with a refractive 

index 1.591. This linear fit can be used to determine the particle sizes with a 

constant refractive index. To size yeast cells, Mie theory simulations of different 

size spherical cells (with a refractive index of 1.42) in the waveguide cytometer 

are performed. Fourier transforms of the obtained Mie theory spectra give peak 

frequencies (1/mm) at 1.39, 3.60, 5.82 and 7.76 for cells with diameters 4um, 

9.6um, 15urn and 20um, respectively. These are plotted as peak frequency versus 
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different scatterer size in Fig. 6.13 (black dots). The solid line in Fig. 6.13 shows 

the linear fit of these Mie theory results. 
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Figure 6.13 Sizing yeast cells by using the Fourier method. The yeast cell sizes can be 
determined by using the linear fit equation. The Fourier method has a resolution of 0.27 
(1/mm), which gives a resolution of 0.7um to estimate the scatterer diameter as in 
Chapter 4, shown as the error bars. 

The solid line in Fig. 6.13 has a linear equation, 

y=-0.21+0.40x (6.1) 

where y is the Fourier peak frequency (1/mm), and x is the scatterer size to be 

determined. The yeast cells in Fig. 6.12 have Fourier frequency peaks at 1.63 and 

1.90 (1/mm). Substituting these Fourier frequency peaks into Equation 6.1, we 

obtain the yeast cells with sizes 4.6um and 5.3um for the yeast cell scatter 

patterns Figs. 6.12 (a) and (b), respectively. Fourier transforms on another four 
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yeast cell experimental results all give a peak frequency at 1.90 (1/mm). The yeast 

cell experimental results are plotted in Fig. 6.13 as plus signs. 

Figure 6.14 (a) shows a yeast cell image. The yeast cell is approximately 5 to 

6um in diameter. The size estimation of yeast cells (here 4.6um and 5.3um in 

diameters) by using the Fourier method agrees with the measurements of yeast 

cells under a Zeiss Axiovert microscope, within error of 0.7um. Figure 6.14 (b) 

shows a Raji cell image with rich inner structures, which generate small scale 2D 

structures in the scatter patterns. This limits the application of the Fourier method 

to size Raji cells. The yeast cell has a thick cell wall, which generates the fringes 

in the yeast cell 2D scatter patterns. This enables the adoption of the Fourier 

method to size yeast cells. 

Figure 6.14 Yeast cell and Raji cell images under an Axiovert microscope. 

FDTD simulations on more realistic yeast cell models with different 

orientations were presented in Fig. 6.5. Fourier transforms of the scanned light 

scattering spectra (along x = 0mm) from these simulations are shown in Fig. 6.15 

as a solid line and a dotted line at rotation angles of 0 degree and 45 degree, 

respectively. It is approximate from Fig. 6.15 that the cell models with different 

orientations give the same Fourier frequency peak at 2.10 (1/mm). Substituting 

this into Equation 6.1 gives the yeast cell sizes of 5.8 ±0.7 urn in diameter. This 

agrees with the yeast cell size constants that are used in Fig. 6.5, with a long axis 

of 5.8um. 

133 



Chapter 6 

2.0 

^ 1-5 

Is 

« 1-0 
3 

a 
E 
< 

0.5 J 

0.0 

— Ellipsoidal yeast, rotation 0 degree 
- Ellipsoidal yeast, rotation 45 degree 

(2.10,1.5) 

(2.10,1.0) 

• i < I 
10 15 

Frequency (1/mm) 

20 

Figure 6.15 Fourier spectra of the FDTD simulation results of the cell models shown in 
Fig. 6.5. They have the same Fourier peak frequencies at 2.10 (1/mm). 

6.7 Conclusions 

The ability to characterize the mitochondria in single living cells may provide a 

powerful tool in clinical applications. Here we have applied a 2D (both polar 

angle and azimuth angle dependences) light scattering cytometric technique to 

assess experimental 2D light scattering patterns from single biological cells (yeast 

and human). We compare these patterns to those obtained from simulations using 

a 3D FDTD method and demonstrate that the microstructure (e.g. the cytoplasm 

and/or nucleus) of cells generates fringes of scattered light, while in the larger 

human cells the light scattered by the mitochondria dominates the scatter pattern, 

forming compact regions of high intensity that we term as "small scale 2D 

structures". These small scale 2D structures provide information on the 
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mitochondria within the cell and their analysis may ultimately be useful as a 

diagnostic technique. 

The yeast cell scatter patterns with clear fringes allow the use of the Fourier 

method to size yeast cells. The size estimation of yeast cells by using the Fourier 

method agrees with the Axiovert microscope measurements. 
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Chapter 7 

Light scattering analysis of 
mitochondrial aggregation in 
single cells 

7.1 Introduction 

A better understanding of apoptosis, or programmed cell death, is important in 

determining the evolution of cancer. Cancerous cells fail to undergo apoptosis, 

and therefore exhibit expanded life spans compared to the normal cells.1"3 A 

possible reason for this failure is that environmental pressures force cancerous 

cells to acquire resistance to apoptosis.4 Mitochondria, the nanostructures in a 

single cell, serve as the central control point of apoptosis by releasing cytochrome 

c.5 Although many other proteins are released during apoptosis, only cytochrome 

c appears to be essential for apoptosis.6 Recent studies have shown that the release 

of cytochrome c is an early event in apoptosis,7' 8 and substantial evidence 

indicates that peri-nuclear mitochondrial aggregation (most mitochondria in a 

biological cell cluster to the nucleus periphery) is an event that is upstream of 

cytochrome c release.9 

Compounds which can induce apoptosis in tumor cells can be novel anti

tumor drugs. Mitochondria have been shown to serve as cancer drug targets.10 It 

has been reported that arsenic trioxide (AS2O3) can induce apoptosis in tumor cells 

by affecting the mitochondria. In untreated cancerous cells, mitochondria are 
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broadly distributed in the cytoplasm, while mitochondrial aggregation to the 

nucleus periphery is observed in AS2O3 treated cell lines.11 Peri-nuclear clustering 

of mitochondria has also been observed in other anti-cancer agent treated 

malignant cells by different research groups, while mitochondria are widely 

distributed in the untreated malignant cells.12"16 Interestingly, recent research has 

reported that mitochondrial aggregation to the nuclear periphery has been 

observed in normal cells (no anti-cancer agent treatment), forming mitochondrial 

network, while mitochondria are randomly distributed in cancerous cells.17 

The above research shows that in cancerous cells, the mitochondria are 

randomly (widely) distributed in the cell cytoplasm, while the mitochondria are 

aggregated to the nucleus periphery in both normal cells and anti-cancer drug 

treated malignant cells. Based on this observation, different cell models can be 

generated to simulate cancerous cells or normal cells with different mitochondrial 

distributions. A detection method that can distinguish these different models may 

ultimately be used as a new technique for cancerous cell detections. 

Fluorophore-labeling techniques have been used to observe mitochondrial 

distributions in cells.9 '1M? These are invasive techniques to the biological cells. A 

label free, non-invasive method that could detect mitochondrial aggregation in 

single cells would be extremely useful in clinical cancerous cell detection. Light 

scattering techniques have been reported to provide a non-invasive study of 

biological cells.18"24 

In this chapter, a light scattering approach is presented for cancerous cell 

detection. The small angle forward scattering is used to differentiate normal cell 

models from cancerous cell models. A method based on Fourier transform of wide 

angle side scattered light is introduced for better determination of biological cell 

sizes. 

This chapter is based on a journal paper that is in preparation by X. T. Su, et 

al.25 
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7.2 3D biological cell model for the study of mitochondrial 
distribution in single cells 

A computer code was written to generate different mitochondrial distributions in 

single cells in order to simulate both normal and cancerous cells. The probability 

of finding a mitochondrion at a distance Rd (center of a mitochondrion to the 

center of the nucleus) in a cell is given as (all sizes in urn): 

p = p0exp(-(Rd-rn -rm-Sm)/(axlO-6)) (7.1) 

p = 0.5 (7.2) 

p = p0exp(-(rc-Rd-rm-Sm)/(ax\0-6)). (7.3) 

Here r„ is the radius of the nucleus, rm is the radius of the mitochondrion, rc is the 

radius of the cell, and 8m is the smallest distance between any two organelles. 

/30and a are constants for the probability distribution. Equation (7.1) describes 

mitochondrial aggregation to the nuclear periphery (normal cell), Equation (7.2) is 

for the randomly distributed mitochondria (cancer cell), and Equation (7.3) is for 

mitochondrial aggregation to the cell membrane (this is an extreme status of 

cancer cell for the completeness of our cell models, and there are few 

mitochondria at the nuclear periphery in this case.). The geometry for these 

models is shown in Fig. 7.1. The inner circle (rn) shows the location of the 

nucleus, and the outer circle (rc) shows the cell membrane. Zones I, II and III are 

used to show how many mitochondria are centered in each of these zones, and 

will be used to determine whether the mitochondria are aggregated to the nuclear 

periphery, have a random distribution, or are aggregated to the cell membrane. 

The thickness of zone I and zone III is defined as rm + Sd . In this study, we 

use p0 - 0.6 , a - 0.1 , Sd - 0.3jum , and dm - 0.01/zm . We assign different 

random seeds to generate different cell models. For each random seed, the 

mitochondria have three different distributions as determined by Equations (7.1) 

to (7.3). 
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Figure 7.1 Geometry for the study of mitochondrial distributions in single cells. The 
scattered light ks has an azimuth angle <p, and a polar angle 8. Zone I, zone II and zone 
III are used to show the different mitochondrial distributions in single cells. 

We consider models for white blood cells (leukocytes). The typical radius of a 

white blood cell is about 5um, with a nucleus that is about 3jam in radius.26 

Unless otherwise specified, these are the cell size and nucleus size that will be 

used in Chapter 7, each centered at the origin as in Fig. 7.1. A total of 180 

spherical mitochondria with radii of 400nm are contained in each of the cell 

models. The refractive index for the cell cytoplasm is 1.38, 1.39 for the nucleus, 

and 1.42 for the mitochondria. The surrounding medium has & refractive index of 

1.334. The AVS (Advanced Visualization System Inc.) visualizations of the 

representative 3D biological cell models are shown in Figs. 7.2(a) and (b). Figure 

7.2(a) is for randomly distributed mitochondria (cancer cell) in a white blood cell. 

There are 36 mitochondria in zone I, 67 in zone II, and 77 in zone III. The 

mitochondrial aggregation to the nuclear periphery (normal cell) is shown in Fig. 

7.2(b). There are 142 mitochondria in zone I, 33 in zone II, and 5 in zone III. With 

the same random seed as in Fig. 7.2(a) and (b), a model of mitochondria aggregate 
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to the cell membrane has 0 mitochondria in zone I, 13 in zone II, and 167 in zone 

III. Note the mitochondria number changes in zone I from Fig. 7.2(a) to Fig. 

7.2(b). In Figs. 7.2(a) and (b), different colors are used to denote the mitochondria 

distributed in different zones. 

Figure 7.2 3D biological cell models and their FDTD 3D scatter spectra, (a), randomly 
distributed mitochondria in a white blood cell, (b), mitochondrial aggregation to the 
nuclear periphery in a white blood cell. Blue spheres denote the mitochondria centered in 
zone I, green in zone II, and red in zone III. The cell has a nucleus (cyan color) centered 
at the origin. The cell cytoplasm is shown in magenta, (c), FDTD 3D light scattering 
pattern for cell model (a), (d), FDTD 3D light scattering pattern for cell model (b). 

7.3 Small angle forward scattering to differentiate normal 
cell models from cancerous cell models 
Three dimensional Finite-Difference Time-Domain (FDTD)21' 23 simulations are 

used to study light scattering from different mitochondrial distributions in single 

cells. Owing to recent advancements in computational technology, the FDTD 
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method can be used to simulate cells using nanometer space steps, which will 

cover the typical organelle sizes found in a biological cell.21'23 We use a spatial 

size of/l/15, where X is the wavelength of the incident laser (here A = 632.8nm). 

The geometry for the FDTD simulation is shown in Fig. 7.1. The incident plane 

wave has a wave vector kt along the z direction, and is polarized along the 

x direction. The scattered wave ks has an azimuth angle <p, and a polar angle 9. 

In order to study the mitochondrial aggregation effects in biological cells, 

eight different random seeds are used to generate the cell models. For each 

random seed, we will have three different cell models as guided by Equation 7.1 

to Equation 7.3. In order to show the organelle' effect, a cell model without 

organelles is also generated. This cell model is homogeneous, with a radius of 

5 urn and a refractive index of 1.38. Three dimensional FDTD simulations are then 

performed on these different cell models. The representative scatter patterns for 

the cell models Figs. 7.2(a) and (b) are shown in Figs. 7.2(c) and (d), respectively. 

These 3D scatter patterns contain rich information about the biological cell 

models. As a first step, in the study that follows, we perform an analysis of the 

scattered light for a given range of polar angle 6 with the azimuth angle fixed 

at <p = 90 degrees. 

In Fig. 7.3, we show the light scattering spectra of different cell models in 

different angular ranges. All the light scattering spectra are normalized so that the 

integrated area under the light scattering spectrum in the angular range from 

0-130 degrees of the cell model without organelles is equal to "1" . The light 

scattering spectra for the random distribution of mitochondria and mitochondrial 

aggregation to the nucleus shown in Fig. 7.3(a) are for the cell models Fig. 7.2(a) 

and (b), respectively. In Fig. 7.3(b), the cases for different mitochondrial 

distributions are shown in the angular range 0-10 degrees. Notice that the light 

scattering intensity distributions in the small angle forward scattering are quite 

distinctive for different cases. For each case of mitochondrial distribution in Fig. 

7.3(b), there are eight different realizations. Figure 7.3(c) shows the results for the 
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eight different realizations of random distribution of mitochondria at very small 

angles. Figure 7.3(d) shows these eight different realizations around the 90° 

scatter from 85 to 95 degrees. 
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Figure 7.3 Light scattering spectra in different angular ranges, (a), light scattering spectra 
from different cell models in the scatter angular range 0-130 degrees, (b), light scattering 
spectra from different cell models in the scatter angular range 0~10 degrees, (c), results 
for the case of random distribution of mitochondria as shown in (b) at very small angles, 
(d), eight realizations of random distribution of mitochondria in the scatter angular range 
85-95 degrees. 

Two-parameter histograms have been used in cytometry to give better 

understanding of the cellular measurements. In Fig. 7.4, we construct two-

parameter light scattering histograms based on the FDTD simulation of different 

cell models. The vertical axis shows the integration of the scattered light in the 

small angle forward scattering (approximately 0-5 degrees), while the horizontal 
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axis shows the integration of light scattering around the 90 degree scatter (85-95 

degrees). The histograms show that the different mitochondrial distributions can 

be well differentiated. 
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Figure 7.4 Two-parameter histograms to differentiate normal cell models from cancerous 
cell models. 

The three different mitochondrial distribution cases that are considered lead to 

different results along the horizontal axis as shown in Fig. 7.4. However the more 

distinctive differences between the three cases are along the vertical axis, which is 

in the small angle forward scattering. To quantify the difference between normal 

cell models and cancerous cell models, the mean and standard deviation (SD) of 

the intensity of different cases are calculated. For the case of mitochondrial 

aggregation to the cell membrane (cancerous cell models), the mean is 0.79788 

(arb. u.) with a SD of 0.00728 (arb. u.). The mean is 0.72344 (arb. u.) with a SD 
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of 0.00729 (arb. u.) for the case of random distribution of mitochondria 

(cancerous cell models), while the mean is 0.6326 (arb. u.) with a SD of 0.00307 

(arb. u.) for the case of mitochondrial aggregation to the nucleus periphery 

(normal cell models). The differences between the means of the normal cell 

models and cancerous cell models are 0.16528 (arb. u.) and 0.09084 (arb. u.), 

which are at least 10 times bigger than any SD of the three different cases of 

mitochondrial distribution. The effects of cell size variations on the intensity 

integration are also considered as shown in Fig. 7.4 with solid signs. The normal 

cell models can be well differentiated from the cancerous ones for a cell volume 

variation of 6.12% as considered here. In this case, the small angle forward 

scattering can be used to differentiate the normal cell models from cancerous cell 

models. 

7.4 Fourier transform of wide angle side scattered light 
for biological cell size determination 

In conventional cytometry, the measurements of the small angle forward 

scattering intensity (0-5 degrees) are used to determine cell sizes.27"29 The above 

results in this chapter have shown that the mitochondrial distributions in a 

biological cell can change the small angle forward scattering intensity 

distributions. This usual method is not accurate for biological cell size 
27 29 

measurements. ' 

We have recently developed a Fourier method for size determination of micro-

scale beads.30 This was discussed in Chapter 4 and was further applied in Chapter 

6 to size yeast cells. However the micro-scale beads are homogeneous spheres and 

the yeast cells can be treated as homogeneous ellipsoids. Following we introduce 

the Fourier analysis of biological cells with complex inner structures. 

Figure 7.5(a) shows the light scattering spectra of different cell models in the 

wide angle side scatter range (57.5-122.5 degrees). The cell model without 

organelles, the cell model with randomly distributed mitochondria and the cell 
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model with mitochondrial aggregation to the nucleus are the same as used for Fig. 

7.3(a). The cell model with mitochondrial aggregation to the membrane was 

discussed in section 7.2. Fourier transforms are performed on these light 

scattering spectra (Fig. 7.5(a)) and are shown in Fig. 7.5(b). The Fourier spectra 

show that there is always a typical peak for the different cell models at frequency 

0.32 (1/Degree). This highest dominant frequency determines the scatterer size,30 

and here corresponds to the overall size of the biological cells. Compared with the 

Fourier spectra from the cell model without organelles, the mitochondria inside 

biological cells mainly contribute to frequency components lower than this typical 

peak frequency. 

1.4x10* 

Scatter polar angle (Degree) 

0.1 0.2 0.3 0.4 0.6 

Fourier frequency (1/Degree) 

Figure 7.5 A Fourier method for better determination of biological cell sizes, (a), light 
scattering spectra from different cell models in the angular range 57.5-122.5 degrees, (b), 
Fourier transforms of the light scatter spectra as shown in (a). 

Fourier analyses are also performed for the eight realizations of randomly 

distributed mitochondria in biological cell models used in Fig. 7.3. Figure 7.6(a) 

shows the light scattering spectra from these eight realizations in the angular 

range 57.5-122.5 degrees and Fig. 7.6(b) shows the Fourier spectra. The results 

further confirm that the typical peak at a frequency 0.32 (1/Degree) can be used to 

determine the biological cell size, while the inner organelles contribute to the 

lower frequency components. 
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Figure 7.6 Different random distributions of mitochondria with the same typical peak 
frequency, (a), eight different realizations of random distribution of mitochondria, (b), 
Fourier transforms of the light scattering spectra in (a). 

7.5 Conclusions 

Different cell models were developed to simulate normal cells and cancerous cells. 

Three dimensional FDTD simulations were performed on these different cell 

models to obtain the light scattering patterns. Analyses of the FDTD light 

scattering spectra show that the small angle forward scattering can be used to 

differentiate normal cell models from cancerous cell models. Compared with the 

fluorescence technique, this method may be used as a non-invasive technique for 

precancerous cell detection in clinics. Our current integrated cytometer can not 

measure this small angle forward scattering. Future development of our cytometer 

will be able to measure both the small angle forward scattering and wide angle 

side scattering. For example, our current 4.6mm (H) CCD detector can be used to 

measure small angle forward scattering excited by a focused laser beam (for 

example, 300um in diameter) from approximately 0.5 to 5 degrees, by putting the 

CCD screen perpendicular to the illumination laser beam with an offset of 500um 

away from the laser beam central line. 

The mitochondrial distributions inside biological cells change the small angle 

forward scatter intensity distributions. The measurements of the small angle 

forward scatter intensity to determine cell sizes may not always be an accurate 
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method if the mitochondrial distributions are unknown. Here we showed that the 

highest dominant frequency of the wide angle side-scatter Fourier spectra can be 

used to determine the biological cell sizes, while the mitochondria mainly 

contribute to the lower frequency components. Future analysis of the lower 

frequency components in the Fourier spectra will help provide a better 

understanding of mitochondrial effects inside biological cells. 
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Chapter 8 

Conclusions 

8.1 Summary 

This dissertation presents a 2D cytometric technique for the study of light 

scattering from a single scatterer. An integrated microfluidic waveguide 

cytometer was developed for the measurements of light scattering from single 

scatterers. Theoretical studies were performed to validate the experimental light 

scattering measurements. This 2D cytometric technique can be of great interest 

for better understanding of the light scattering properties and for cellular 

diagnostics in clinics. 

In Chapter 2 theoretical backgrounds for the study of light scattering were 

introduced. The Mie code that is used in this dissertation was validated by 

comparing with published results from other research groups. A limitation of the 

Mie code is that it only gives the solution for light scattering from a single 

homogeneous spherical scatterer that is illuminated by a plane wave. The FDTD 

code can be used to give numerical solutions of light scattering from 

inhomogeneous biological cells. The FDTD code was validated for both the 

microscale cell sizes and nanoscale organelle sizes by comparing results with the 

Mie simulations. 

The development of an integrated microfluidic waveguide cytometer was 

described in Chapter 3. A UV-curable epoxy edge bonding method was developed 

for the fabrication of the microchips designed for light scattering measurements. 
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The chip fabrication method together with the specially designed microsize 

observation window makes the detection of the weakly scattered side-scatter light 

possible. A prism-coupling technique was adopted for illuminating the scatterers 

in the microfluidic channel with laser light. A simple but effective pressure 

control method enabled immobilization of a single microsize scatterer in the 

observation window area for a period of 1/4 second. Finally, the integrated 

cytometer was built up on an optical bench in a dark room which also serves as a 

high energy laser control area. This novel cytometer can image a single microsize 

scatterer in a fluidic flow by using a digital camera, while simultaneously 

obtaining its 2D side-scatter patterns by using a CCD detector. 

In Chapter 4, 2D side-scatter patterns of microsize polystyrene beads were 

obtained and the experimental results were validated by comparing with the Mie 

theory simulations. Modal analysis of the planar waveguide showed that a plane 

wave excitation of the microsize scatterers in the cytometer can be assumed. The 

all planar structure of the device without any optical lens between the scatterer 

and the CCD detector simplified the application of Mie theory in the experimental 

apparatus. Two-dimensional side-scatter patterns from different size polystyrene 

microbeads were obtained. The 2D scatter patterns are symmetric about the 

azimuthal angle at 90 degrees. The vertical fringes in the 2D scatter patterns were 

used to infer the location of the 90 degree in polar angle. Good agreements 

between the experimental and Mie theory results were obtained in both the space 

and Fourier domains. A Fourier method was developed for microsize 

differentiation with the integrated cytometer. 

The dependence of the light scattering on the incident wave polarizations and 

the inhomogeneous scatterers was studied in Chapter 5. An incident laser with a 

polarization angle of 0° provides better results compared with a polarization angle 

of 90° from an experimental side. In order to study the light scattering dependence 

on non-homogeneous scatters with the integrated cytometer, a simple geometric 

method was developed to transfer the FDTD spatially distributed intensity onto a 
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plane CCD. The FDTD 2D scatter patterns agree well with the 2D polystyrene 

microbead scatter patterns obtained with the integrated cytometer. Randomly 

distributed mitochondria have been shown to break the azimuthal symmetry of the 

2D light scattering patterns. These are of interest for the study of real biological 

cells. 

In Chapter 6 light scattering measurements were performed on yeast and 

human cells with the integrated cytometer and the experimental results were 

compared with FDTD simulations. Clear fringes were obtained in the 2D light 

scatter patterns from yeast cells, while the 2D scatter patterns from human Raji 

cells consisted of small scale 2D structures. Different cell models were generated 

for the FDTD simulations on yeast and Raji cells. The FDTD simulations together 

with the experimental results showed that the microstructures (e.g. cell cytoplasm 

and/or nucleus) generate the fringes, while the randomly distributed mitochondria 

in single cells generate the small scale 2D structures. The FDTD simulations on 

the ellipsoidal yeast cell models also showed that cell orientation effect will not 

generate the small scale 2D structures. The analysis of the small scale 2D 

structures that dominate the 2D human cell scatter patterns may ultimately be a 

useful diagnostic technique for mitochondrial differentiation in single cells. The 

Fourier method developed in Chapter 4 was applied to size yeast cells. The 

estimation of yeast cells by using the Fourier method agrees with the 

measurements under an Axiovert microscope. 

Finally, the application of the light scattering technique for precancerous 

detection was studied in Chapter 7. Different 3D cell models were developed to 

mimic normal cell and cancerous cell statuses. FDTD simulations were then 

performed to obtain scatter spectra from these different cell models. Our results 

showed that the small angle forward scattering can be used to differentiate normal 

cell models (mitochondrial aggregation to the nucleus) from cancerous cell 

models (mitochondria randomly distributed inside the cells). Since the 

mitochondria can change the small angle forward scattering intensity dramatically, 
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the measurements of small angle forward scattering intensity may not always be 

an accurate method to determine cell sizes. Fourier analysis of wide angle side 

scatter spectra showed that the highest dominant frequency can be used to better 

determine the cell sizes. The mitochondria inside biological cell mainly contribute 

to lower frequency components. 

8.2 Future work 

The novel 2D cytometric technique developed in this work can be used for 

microscopic particle and biological cell analyses. The integrated cytometer can be 

further developed to obtain very wide angular range light scattering patterns. For 

example, if the scattered light passed through only a lOOurn water layer onto a 

4.6mm (H) CCD detector, light scattering over a wide angular range from 

approximately 2.5° to 177.5° can be obtained. The wider angular range light 

scattering will contain richer information about the scatterers. Automating the 

immobilization and the observation of single scatterers would allow the device to 

process cells faster and more efficiently. This 2D cytometric technique can be 

very useful in cellular diagnostics and clinical applications. 

The integrated mcirofluidic waveguide cytometer can be miniaturized as a 

handheld apparatus. The ultimate goal would be to develop a portable and 

inexpensive cytometer with an embedded analysis software package. This 

requires especially new developments of methods to excite and image the 

scatterer. Most of these elements can be integrated on a chip ("lab-on-a-chip") 

with the current development of microfabrication technology. 

The analysis of the scatter patterns in multi-dimensions will enable a better 

understanding of the scatterer properties especially for biological cells. The future 

development of algorithms to perform 2D space domain or Fourier domain 

analysis of the scatter patterns can be used to obtain such an understanding. The 

novel 2D cytometric technique can be developed to obtain 3D scatter patterns. 

The 3D cytometric technique would be able to obtain scatter patterns containing 
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more information about the scatterers. All these are related to a very interesting 

field of solving the inverse scatter problems. 

The integration of the near field optics technology in the future experimental 

development will be of great interest. Near-field scanning optical microscopy 

(NSOM) can obtain a resolution of several nanometers that breaks the diffraction 

limit of conventional optics, which depends on the detection of the near field 

scattered light. The FDTD method can be used to obtain the near field scatter 

patterns. This will give better understanding of the NSOM technology. Secondly, 

it is very challenging to obtain virus information in conventional cytometers 

because of background scattering of the apparatus. An evanescent field as a probe, 

generating a dark experimental background, has the potential to obtain virus 

information. Such an understanding can be improved by FDTD simulations. 

Furthermore, surface plasmon resonance (SPR) sensors, which use evanescent 

light to excite the resonance, have wide applications in protein and DNA analyses. 

The development of evanescent field apparatus together with FDTD simulations 

will contribute to the SPR technique. 
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