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ABSTRACT

In this work, we describe our recent efforts aimed at determining the mechanism
of signal change for a diffraction-based sensor (DBS) system. The DBS detects
analyte-binding events by monitoring the change in diffraction efficiency that takes
place when analyte molecules adsorb to target molecules that have been patterned
onto a surface. The exact parameters that affect the intensity of the diffraction
intensity are currently not well understood.

In this work, the formalism used to describe the behaviour of volume-phase holog-
raphy is used to understand the parameters that effect the diffraction intensity. It is
hypothesized that the major factors that effect the diffraction intensity are the dif-
ferences in optical path length between the wave trains that reflect off the diffraction
grating and those that reflect off the substrate surface. Also key is the difference in re-
fractive index between the two media. Two approaches were developed to investigate
this hypothesis; the first was to develop a series of gratings of varying thickness using
polyelectrolyte multilayers. The indices of refraction of these gratings were adjusted
by the incorporation of charged gold nanoparticles. Since DBS systems operate by
monitoring the binding of analyte molecules, a second series of experiments were
developed to investigate the changes in diffraction intensity as 2 pum carboxylated
beads were loaded onto an avidin grating. The first aspect that was investigated was
the effect of adding more particles onto the grating surface on diffraction intensity.
Second, the extent to which the particles reduced the periodicity of the diffraction
grating, and the effect on the observed intensity of the diffraction signal were also
investigated. Finally, this work shows the first use of a DBS system to extract the

rate of and the maximum surface coverage of a specific binding reaction.

il



ACKNOWLEDGEMENTS

Bismillah-ir-Rahman-ir-Rahim.

The past two years have been of growth, both as a scientist and as a human being
in general. I firmly believe that I would not be the person I am today without the
influence of every person who has entered into my life. That being said, it would
be improper to avoid specifically naming those who have influenced me the most to
achieve this goal.

I would like to start by thanking Dr. Matthew F. Paige, for his sage-like advice,
patience, and guidance towards the completion of this work. I would also, at this
point, like to acknowledge Dr. Lee Wilson, Dr. Rob Scott and Dr. Richard Bowles
for their guidance as members of my advisory committee.

It is said that overcoming adversary with others will bring people close together.
I would like to express my appreciation to those who became closest to me: Danielle
Covelli, Rhett Clark, Edwige Otero, Chris Phenix, Dorota Kowalska as well as all
members of the Paige lab, Shatha Qaqish, Yin Lu, Zahid Islam, Sunish Sugnan,
Adam Leontowich, Stephen Christensen, Curtis Ball, and Sangram Bagh for their
support in helping me to realize this goal.

I had the fortune of completing portions of my research at the lab of Dr. M.
Cynthia Goh at the University of Toronto. There are few words to describe how
grateful I am towards her, Dr. David McMillen, Dr. Jane B. Goh and Dr. Richard
Loo for their help, support, and guidance during my stay there. I would also like
to thank the members of the Goh lab for their support. I would particularly like to
name Fredric Cunin, Cindy Lee, Emina Veletanlic, Rob Graham, Jordan Dinglasan,
and Richard Kil for their hospitality and friendship.

While the portion of graduate student life outside of research is small, it still
exists, and I would like to thank all of the professors who passed on their knowledge,
especially Dr. Stephen Urquhart, the undergraduate lab supervisors, Dr. Valerie
Mackenzie and Pat Gillies, for helping me learn how to pass on my knowledge, and

all of the administrative staff at the Department of Chemistry for their help in

il



scheduling everything, and significantly reducing the amount of paper work that I
had to complete.

Noting that people who read this will pay particular attention to those at the
beginning and at the end, I would like to conclude by extending my deepest grat-
itude to my family. With out their love and support I would not have been able
to accomplish even a portion of the tasks required to complete this degree. This
includes, but is not limited to, my parents, Jafferali and Gulshan Valiani, my sis-
ter and brother-in-law, Wagar-un-nissa and Daniel T. Ressl, my niece and nephew,
Matina and Danial Ressl, and finally my cousins, Rahim, Nadim, Pervez, Rahil, and

Salimah Valiani and Nadeem Bhatia.

iv



This work is dedicated to Shirin J. Valiani. In loving memory.



CONTENTS

Permission to Use i
Abstract ii
Acknowledgements iii
Contents vi
List of Tables viii
List of Figures ix
List of Abbreviations xi
1 Introduction 1
1.1 Background of diffraction based sensing . . . . . . . .. ... .. ... 1
1.1.1 Motivation for developing diffraction based sensors . . . . . . 1
1.1.2 Early developments in diffraction-based sensing . . . . . . .. 2
1.1.3 Nature of diffraction and diffraction efficiency . . . .. .. .. 4
1.1.4 Particle loading . . . . . ... ... 6
1.2 General experimental methodology . . . . . .. ... ... ... ... 6
1.2.1 Microcontact Printing . . . . . . . ... ... ... 7
1.2.2  Properties of polyelectrolyte multilayers . . . . . . .. .. .. 7
1.3 Objectives . . . . . . . . 10
2 Characterizing the effect of grating properties on diffraction effi-
ciency 11
2.1 Materials and Methods . . . . . . . . ... .. ... .. L. 11
2.1.1 Preparation of polyelectrolyte multilayer gratings . . . . . . . 11
2.1.2  Measurement of diffraction intensity . . .. .. .. ... ... 13
2.1.3 Varying refractive index of polyelectrolyte diffraction gratings 14
2.2 Results and Discussion . . . . . . . ... ... 16
2.2.1 Theoretical relationship between observed diffraction intensity
and grating properties . . . . ... .. ... 16
2.2.2 Diffraction intensity as a function of grating thickness . . . . . 20
2.2.3 Diffraction intensity as a function of grating refractive index . 26
2.3 Conclusions . . . . . . . .. 28

3 Characterizing the effect of particle loading on diffraction efficiency 35
3.1 Materials and methods . . . . . . ... .. ... oo 35
3.1.1 Thesystem . .. .. .. ... ... 35

vi



3.1.2  Characterization of the surface particle loading . . . . . . .. 37

3.1.3 Adsorption kinetics . . . . . .. ... L 39

3.2 Results and discussion . . . . . . .. ... 40
3.2.1 Effects of particle loading on the diffraction intensity . . . . . 40

3.2.2 Effects of particleorder . . . . . . .. ... 42

3.2.3 Characterization and modeling of analyte adsorption kinetics . 44

3.3 Conclusions . . . . . . . .. 45

4 Conclusions and Future Work 50
4.1 Conclusions . . . . . . . . .. 50
4.2 Future Work . . . . . . . 52
References 54
A LabView Routine 58

vii



2.1

3.1

L1ST OF TABLES

The heights, number of bilayers, and concentration of NaCl for diffrac-
tion gratings used to determine the dependence of intensity of a given
diffraction spot on thickness of the grating. . . . . . . .. ... .. ..

List of the average normalized peak intensities for six diffraction grat-
INGS. . . .

viil



1.1

1.2
1.3

2.1

2.2

2.3

24
2.5

2.6

2.7

2.8

2.9

2.10

2.11
2.12

2.13

2.14

LI1ST OF FIGURES

Schematic of diffraction occurring as light passes through region of

periodic refractive index. . . . . . . . .. ... 5
Schematic illustration of the microcontact printing procedure. . . . . 8
A simplified depiction of the layer by layer (LBL) deposition technique
for polyelectrolytes. . . . . . . . . ... 9
Optical image of acrylic template used to form PDMS stamps (image
size 326.4x244.8 pm) . .. ..o Lo 12
Stuctures of polymeric materials used in this study a) PSS b) PDAC
OPAH . . . . 13
Schematic illustration of the DBS system used in these measurements.
The grating is made from polyelectrolyte (PE) multilayers. . . . . . . 14
Structure of DMAP in aqueous solution . . . . . . .. ... ... ... 15

A simplified depiction of DMAP stabilized gold nanoparticles. The
orientation of the DMAP on the surface causes the complex to appear
positively charged. . . . . . . .. ... oo Lo 16
Plot showing diffraction efficiency, a dimensionless quantity, as a func-
tion of grating thickness. The solid points are calculated from equa-
tion 1.2 (A=634 nm, o = 30°, An=0.33). The curve is a second order
polynomial fit (y =yo+ax +0bx?). . . . ... ... ... .. ... .. 18
Plot showing diffraction efficiency, a dimensionless quantity, as a func-
tion of difference in refractive index. The solid points are calculated
from equation 1.2 (A=634 nm, o = 30°, d=65 nm). The curve is a
second order polynomial fit (y = yo+ax +bz?). . . . . ... ... .. 19
a) An AFM image of a diffraction grating formed from nine PSS/PDAC
bilayers (65x65 pm) b) Cross-section of AFM image a. c¢) Histogram
compiled from 50 cross-sections of sample shown ina. . . . . ... .. 21
Polyelectrolyte multilayers patterned to form diffraction gratings. a)
Unfiltered polyelectrolyte solutions used, b) Filtered polyelectrolyte
solutions used, c¢) Polyelectrolyte solution is unfiltered and contains

no salt. Each image 65x65 pm . . . . . . . ..o Lo 22
Plot of experimentally measured diffraction intensity as a function of
grating thickness. The line is a second order polynomial fit. . . . . . . 25
UV absorbance spectra of DMAP stabilized gold nanoparticles . . . . 26
Transmission electron microscope image of DMAP stabilized gold
nanoparticles . . . . ... o 30
Tapping mode AFM images of a polyelectrolyte grating after a) 0 b)11

¢) 22 minutes of incubation in aqueous gold nanoparticle solution.
Each image 6x6 pm. . . . . . . .. .. L oo 31
Polyelectrolyte diffraction gratings after submersion in aqueous nanopar-
ticle solution for a) 22 minutes b) 35 minutes . . . . . . . ... .. .. 32

X



2.15 Plot of diffraction intensity as a function of the time the diffraction
grating was immersed in the gold nanoparticle solution. The line is a

linear fit to thedata. . . . . . . . . ... ... ... ... ... 33
2.16 Generalized Langmuir isotherm . . . . . . . ... ... .. ... ... 34
3.1 The Axela dotLab™ system. Reproduced from [31] . .. ... ... 36
3.2 Optical microscopy of 2 um carboxylated PS beads on an avidin grat-

ing. Magnification =20x. Viewing area= .496 mm? . . . . .. . . .. 37
3.3 a)Optical image of PS beads on an avidin grating - image size 473 x303

pm. b) Fourier Transform of a. . . . ... ... ... ... ... ... 39

3.4 Plot showing diffraction intensity as a function of number of particles
on the grating surface. The line is a second order polynomial fit to

data, y =4.173 x 107%2. . . . . .. ... 41
3.5 Cropped Fourier transform of optical image in figure 3.3. The diagonal

line indicates the position of the cross-section. . . . . . . . ... ... 46
3.6 Cross-section of the peaks of the Fourier transform for samples a) 2

and b) 4. . .. 47

3.7 Plot showing the measured diffraction intensity as a function of time.
The line is a single exponential fit to the data, y = (2.434(1—6*7'593“0_%) 48
3.8 Plot of number of particles on the grating surface as a function of
incubation time. The number of particles was derived from diffraction
intensity using the relation derived from Figure 3.4. The line is a guide
totheeye. . . . . . . . 49

A.1 Screen shot of LabView routine used to measure diffraction intensity . 58



AFM
DBS
DMAP

LBL
PAH
PBD
PDAC
PDMS
PE
PECH
PIB
PS
PSS
TALH
TEM
TOAB
VPH

LI1ST OF ABBREVIATIONS

Atomic Force Microscopy

Diffraction Based Sensor

4-dimethyl aminopyridine

Diffraction Efficiency

Layer-by-layer deposition technique
Poly(allyl amine hydrochloride)
Polybutadiene

Poly(diallyl dimethylammonium chloride)
Poly(dimethyl siloxane)

Polyelectrolyte

Polyepichlorohydrin

Polyisobutylene

Polystyrene

Poly(styrene sulfonic acid) sodium salt
Titanium(IV) bis(ammonium lactato)dihidroxide
Transmission electron microscopy
Tetraoctylammonium bromide
Volume-phase holography

X1



CHAPTER 1

INTRODUCTION

1.1 Background of diffraction based sensing

1.1.1 Motivation for developing diffraction based sensors

Detection and quantification of analytes is the central focus of analytical chemistry.
A wide variety of analytical methods have been developed to accurately detect and
quantify molecules of interest. Of particular interest in bioanalytical chemistry is the
detection of biological molecules. A common approach to detecting and quantifying
biomolecules are immunoassays. Immunoassays are tests that use the binding of anti-
gens to their complementary antibodies. Detection of this binding, however, usually
requires a large number of processing steps to make the analyte detectable[1]. An an-
alytical method for detecting biomolecules that requires minimal sample preparation
and can be used for a wide range of analytes is highly desirable. Diffraction based
sensing has the potential to detect and quantify many different kinds of analytes
with minimal processing of the analyte.

In recent years chemical sensors based on the principles of optical diffraction have
gained attention because of the speed, selectivity, and versatility of these methods
[2, 3, 4]. These diffraction based sensors (DBSs) require a “target” molecule to be
patterned in a periodic array onto a substrate surface. When the target is illuminated
with light, the target molecules create a diffraction pattern. A solution containing
an analyte molecule that will bind to the “target” molecules is then passed over the
substrate. Binding of the analyte to the target molecules results in an increase in

the intensity of the diffraction spots. This simple mechanism allows the instrument



to sense a variety of different analytes without major modification to the sensing
apparatus.

The advantages of the DBS become obvious when compared to immunoassays.
The most ubiquitous immunoassays involve labeling the desired analyte with a fluo-
rophore or other label. The extra processing of the target molecule makes such tests
time consuming and labour intensive. Immunoassays that do not require processing
of the target molecule typically cannot reach detection limits required, and are often

cost prohibitive. The DBS system does not require this extra sample processing.

1.1.2 Early developments in diffraction-based sensing

One of the greatest strengths of DBSs is their ability to be applied to a variety of
analytes. Almost any analyte can be detected as long as its target molecule can be
printed onto a substrate. The number of materials that the diffraction grating can be
made from is almost limitless. This gives this class of chemical sensors a wide range
of possible targets with no modification of the main apparatus needed. By merely
printing different types of biomolecules, one can analyze proteins|1, 2, 3, 4, 6, 5, 7,
cells[7], and DNAJ8]. This approach has even been extended to analyze certain
classes of inorganic compounds|9, 10, 11].

Diffraction based sensing was originally developed as an inexpensive, user friendly
method to perform immunoassays|[1]. In this original system, an antibody or antigen
is coated onto a silicon surface. A photomask with the diffraction grating pattern, is
placed over the coated wafer and the exposed areas are inactivated by UV illumina-
tion. Binding of the analyte molecule, therefore, can only occur on the periodically
active areas of the surface. This binding will then cause the appearance of a diffrac-
tion pattern.

Diffraction based sensing as a diagnostic tool and one that could be used in quan-
tification of interactions of bio-molecular systems was brought to the forefront by the
Goh[2, 3, 4, 5] and Paige[6] groups. These groups have investigated the use of the
DBS for detection and quantification of a number of important analytes. Of particu-

lar note was the ability for a DBS to simultaneously monitor the binding of multiple



analytes as a function of time (Goh et al.[5]). Since the observed diffraction pattern
is a function of the orientation and spacing of the diffraction grating, it is possible
to detect multiple analytes as long as their targets are patterned differently. This
group has also attempted to significantly improve the detection limits of diffraction
based sensing. Initial experiments on the original system developed by Tsay gave
detection limits on the order of pug/mL[1]. Labeling the analyte with gold gave a
40-fold increase in detection limits ( ~ 25 ng/mL)[3]. More recently, detection limits
on the order of pg/mL were achieved using secondary enzymatic amplification with
a precipitating substrate[4].

The Paige group has demonstrated the use of DBSs to track simple enzyme kinet-
ics in the IgG - trypsin system[6]. A grating made from mouse IgG was exposed to a
solution of the enzyme trypsin. Diffraction intensity was monitored as a function of
time and decayed exponentially. The Goh group[5] performed realtime monitoring
of the mouse and rabbit IgG/anti-IgG system. Again, the diffraction intensity was
reported as a function of time. Both these groups introduce the potential of diffrac-
tion based sensing as a tool to probe the kinetics of biological systems. However,
without a deeper understanding of the quantitative factors that effect the diffrac-
tion intensity, the results give no further insight into what may be occurring at the

molecular level.

Work outside the area of immunoassays and enzyme activity was performed by
Nakajima[ll]. A DBS system was made into a simple pH sensor by fabricating a
grating from thymolphthalein and a 7% gelatin solution. The diffraction grating was
then dipped into the solution to be analyzed. A solution with pH greater than 10.5
caused the grating with indicator to turn blue, and a diffraction pattern appeared
when placed in the path of laser light. Below pH 10.5, the indicator would be
transparent, and no diffraction pattern was observed. The pH range could be easily

tuned by use of different indicators.

In another application, diffraction gratings made of several types of polymers were
synthesized to detect the presence and quantity of a volatile organic compound[12].

Polymers, in general, are useful for the creation of diffraction gratings due to their
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ability to act as receptors to a moderately wide set of target molecules. Three dif-
ferent polymers, Polyepichlorohydrin (PECH), Polyisobutylene (PIB), and Polybu-
tadiene (PBD), were patterned onto a glass substrate using a diffraction template
created from an atomic force microscopy (AFM) calibration grid. Known amounts of
toluene, methyl ethyl ketone, hexane, and chloroform vapours were measured using
a variety of gratings. Depending on the polymer that makes up the grating, the
responses to various compounds varied largely. This work shows that, in principle it
should be possible to create a grating that can identify a large number of volatile or-
ganic compounds. With a little data analysis, this data can then be used to identify
an unknown or, perhaps, determine the concentration of a given analyte.

While a great deal of research has been devoted to the applications of DBS tech-
nology, little has been done to understand the underlying physics of how the diffrac-
tion based sensor operates. This work will focus on developing an understanding of
how experimental parameters affect the measured diffraction signal in a quantitative
way. The major parameters of interest are refractive index of the gratings, optical
path length, and the extent of ordering of particles on the surface. This should
also give greater insight into the results of experiments previously reported in the

literature[3, 6] , especially when kinetic data are presented.

1.1.3 Nature of diffraction and diffraction efficiency

In its broadest sense, diffraction is the deviation of wavefronts from a parallel prop-
agation. This is typically caused by an obstruction in the path of the wavefronts.
When the wavefronts intersect they may constructively or destructively interfere with
one another. The resulting pattern is called a diffraction pattern.

Two types of diffraction gratings are used in this research. The first are fabricated
from polyelectrolytes on a glass substrate, while the second are made of avidin on a
polystyrene (PS) substrate. We propose that diffraction in these systems is caused
by the wave trains entering an area of periodic refractive index differences. The wave
trains that enter the areas of higher refractive index will travel at a lower velocity.

Once all the wave trains enter an area of common refractive index, they will be out
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of phase with one another [13]. The interference that is caused by this will result in
the observed diffraction pattern. Figure 1.1 shows this phenomenon.This is similar

to the description used in the field of Volume-phase holography (VPH).

_— Outof Phase

y

Figure 1.1: Schematic of diffraction occurring as light passes through
region of periodic refractive index.

From VPH theory, diffraction efficiency, 7, is described as the ratio of the intensity
of the diffraction spot being observed, I, to the intensity of incoming beam of light,
Io(equation 1.1)[14].

I,
== 1.1
Iy (1.1)

The diffraction efficiency is controlled by both the optical path length, d, the mod-

Ui

ulation in refractive index, An, and the angle of incidence, « [15, 16, 17, 18]. As
long as the optical path length of the grating multiplied by the wavelength of light,
A, is approximately 1.7 times larger than the product of the average refractive index
and the square of the period of the grating, equation 1.2 adequately describes the
diffraction efficiency of the grating.

o TANRd

(1.2)

7 = sin
This relationship is useful as it can be used to describe the observed intensity of a
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diffraction signal as a function of the thickness and the modulation of the refractive
index of the grating. If our proposal is correct, then the behaviour of the DBS system

should follow that predicted by VPH theory.

1.1.4 Particle loading

As noted previously, DBSs operate by monitoring the change of intensity of diffrac-
tion as analyte molecules bind to the target. If the particles are large enough, we
expect them to act in a manner similar to a thicker grating. In effect, we propose
that loading of particles should act to change the optical path length of the system.
This is exactly the same phenomenon that occurs by varying the grating thickness.
We expect, therefore, that as more particles are loaded onto the surface, the inten-
sity of the diffraction signal to increase in a similar manner as if the average grating
thickness were being increased. Another factor that we believe may be important is
to quantify the degree of order that the analyte molecules possess when adsorbed to
the target grating. As particles were less ordered on the surface, we would expect the
scattering between particles to play a more pronounced role to reduce the intensity

of the observed diffraction signal via interference.

1.2 General experimental methodology

To determine how well the observed diffraction intensities follow the relationships
developed for VPH gratings, a series of diffraction gratings were fabricated by print-
ing patterned polyelectrolyte multilayers. The goal was to systematically vary the
thickness of the grating (d) and the refractive index difference (An) In accordance
with equation 1.2. In this section, background material on the printing process and
on polyelectrolytes is provided. A somewhat different approach was taken for mea-
suring the effect of particle loading, and this is described in more detail in Chapter

3.



1.2.1 Microcontact Printing

Microcontact printing is a nano-lithographic technique. It has been shown to ef-
fectively develop complex patterns of proteins and other molecules on a variety of
surfaces[19]. We intend to use microcontact printing to develop diffraction gratings
of polyelectrolyte multilayers onto a glass surface.

A patterned stamp is usually made by curing poly(dimethyl siloxane)(PDMS) on
a template, which in this case is an acrylic diffraction grating. The patterned stamp
is then inked in a solution of the molecules that are to be printed. Depending on the
nature of the molecules and substrate (hydrophobic or hydrophilic, for example), the
stamp may need to be treated to ensure that the molecules will preferentially bind
to the substrate. The actual printing process involves pressing the stamp onto the
substrate. In a protein system this printing technique has been shown to have better
than 99% transfer efficiency after seconds of contact[19]. Again, the technique can be
applied to a wide variety of systems by controlling the properties of the stamp and
substrate to ensure that the molecules that form the pattern have a greater affinity
for the substrate when compared to the stamp. Figure 1.2 shows a schematic of the

microcontact printing technique.

1.2.2 Properties of polyelectrolyte multilayers

Self-assembled multilayers of polymers that possess multiple charges (herein referred
to as polyelectrolytes) allow for the development of thin films with well defined
thickness[20]. Polyelectrolytes are long chain polymers that exhibit extraordinarily
high charge density. It is easy to take advantage of these high charge densities to form
self-assembled films with a high degree of control over thickness[20, 21]. Generally,
a charged solid substrate is placed in a solution of polyelectrolyte with the opposite
charge. The strong multiple electrostatic interactions cause the polyelectrolyte to
form a thin layer on the surface. This new layer will cause the exposed surface to
have a charge opposite to the charge initially on the substrate. After rinsing, this

sample is placed into a solution of an oppositely charged polyelectrolyte, which will
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Substrate

Figure 1.2: Schematic illustration of the microcontact printing pro-
cedure.

form a second layer on the surface causing the surface charge to revert to its original
sign. This process is repeated until the desired thickness is achieved (Figure 1.3).
Aside from varying the number of layers, it is possible to control the thickness of the
multilayer films by varying the concentration of salt in the polyelectrolyte solutions.
Since the salt causes the polyelectrolytes to fold in on themselves, surface roughness

will also increase with increasing salt concentration[22].

These films are extremely stable because of the large number of charge neutral-
ization interactions|23]. It has also been shown that any defects in the film structure
tend to be hidden by the application of additional layers[20, 21]. This is due to the
amorphous nature of these films[24]. Unlike the highly ordered Langmuir-Blodgett

8
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Adsorption of
Charged Substrate  1st polyelectrolyte

Adsorption of 2nd (/l—l-

polyelectrolyte

Figure 1.3: A simplified depiction of the layer by layer (LBL) depo-
sition technique for polyelectrolytes.

films, the polyelectrolytes tend to interpenetrate with previously deposited layers.

Recently, multilayer films of polyelectrolytes have been patterned using a mul-
tilayer microcontact printing technique[25]. As in "normal” microcontact printing,
the polyelectrolyte layers are deposited onto a PDMS stamp. The multilayers are
transferred to the substrate because of more favorable interactions between the ex-

posed layer and the substrate compared to that of the stamp and the polyelectrolyte

adjacent to it.

Fabricating diffraction gratings out of polyelectrolyte multilayers will allow the
relationship between the thickness and observed diffraction intensity to be elucidated

in a systematic manner. In addition, the high charge density and semi-porosity
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of polyelectrolytes allows for easy uptake of charged metal nanoparticles into the
multilayers[26, 27, 28]. Uptake of nanoparticles can be used to change the refractive
index of the multilayers and can be controlled by controlling the extent of loading of

the nanoparticles.

1.3 Objectives

In this thesis, two approaches have been taken to gain a better understanding of and
to quantify the factors that affect the intensity of the diffraction signal (diffraction
efficiency). These two approaches investigated the effects of the grating properties,
and the effects of analyte loading on signal intensity. The grating properties that
are of primary interest are the effects of thickness and refractive index. This is
accomplished by developing a series of gratings from polyelectrolyte multilayers. The
thickness of the polyelectrolyte gratings was controlled by manipulating the number
of layers of polyelectrolyte used and the salt concentration of the polyelectrolyte
solutions. The refractive index of these gratings was manipulated by incorporating
gold nanoparticles into the gratings. The effects of analyte loading and ordering
were investigated at the lab of M. Cynthia Goh at the University of Toronto. Using
the Axela dotLab?™ system, a solution of 2 um PS beads with carboxyl groups on
the surface was flowed over an avidin grating varying the time of exposure of the
beads to the grating. The resulting diffraction intensity as a function of time data
were interpreted to give kinetic parameters of the system. Optical microscopy of the
sensor surface was then used to elucidate the effect of loading large particles onto the
grating surface, and to begin to develop a method to quantify the effects of particle

order on the signal.
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CHAPTER 2

CHARACTERIZING THE EFFECT OF GRATING PROP-

ERTIES ON DIFFRACTION EFFICIENCY

2.1 Materials and Methods

2.1.1 Preparation of polyelectrolyte multilayer gratings

PDMS stamps were made by curing the elastomeric polymer Sylgard 184 (Dow
Corning) for eight hours on acrylic masters after leaving the sample for 1 hour to
out-gas. The newly developed stamps were tested to confirm the transfer of the
diffraction grating. This was accomplished by placing the stamp in the beam of
a laser to observe if a diffraction pattern is produced. A sample of the template
diffraction pattern is given in figure 2.1.

Patterned polyelectrolyte multilayers were printed on glass using microcontact
printing. Stamps with the desired diffraction pattern on the surface developed from
PDMS were incubated in solutions of the polyelectrolytes. After repeating the pro-
cess to achieve the desired number of layers of polyelectrolytes, the “inked” stamps
were then brought into contact with microscope slides that were cut to desired di-
mensions. Once printed, the resulting gratings were analyzed using atomic force
microscopy (AFM).

Three different polyelectrolyte solutions were used to create diffraction gratings
of varying thickness. All polyelectrolytes were purchased from Aldrich and used
without further purification. A 2 mg/ml aqueous solution of poly(styrene sulfonic

acid sodium salt) (PSS) (MW= 70000), the anionic polyelectrolyte, was made by
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Figure 2.1: Optical image of acrylic template used to form PDMS
stamps (image size 326.4x244.8 pum)

dissolving the solid polyelectrolyte in Millipore water (18 MQcm™'). Poly(diallyl
dimethylammonium chloride) (PDAC) (MW = 100000-200000, 20% wt in water),
the cationic polyelectrolyte, was diluted 62x in Millipore water. For some experi-
ments, solid NaCl was added to the PSS and PDAC. A 4 mg/ml aqueous solution
of poly(allyl amine hydrochloride) (PAH) (MW = 70000) was also prepared in Mil-
lipore water. The pH of the PAH solution was adjusted to 7.5 using NaOH. PAH is
used to facilitate optimum interaction between the polyelectrolyte multilayers and
the PDMSJ[25]. This should help make the PDAC/glass interaction more favorable
than the PAH/PDMS interaction. figure 2.2 shows the structures of each of the

polyelectrolytes used.

The PDMS stamps were placed in polyelectrolyte solutions (‘inking’) for 14
minute intervals. The stamp was first incubated in PAH. The sample was then
removed from the solution, shaken in a vial of Millipore water for one minute, and
incubated in the next polyelectrolyte solution.. The stamp was sequentially incu-
bated in PSS and PDAC until the desired number of layers were accumulated. The

stamp was then rinsed one more time in Millipore water, then partially dried under
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Figure 2.2: Stuctures of polymeric materials used in this study a)
PSS b) PDAC ¢)PAH

a stream of nitrogen. The stamps could be reused multiple times, though after each
use they were cleaned by sonicating in a 1:1 mixture of ethanol and water, followed
by having their surface peeled with transparent tape to remove contaminants.

Once dried, the stamps were placed on the glass substrates. Light pressure was
applied for approximately 30 seconds. The stamps were allowed to rest on the surface
for another 15 minutes. Once the stamps were removed the glass substrates were
visually inspected for transfer of the patterned polyelectrolytes. Those that showed
transfer of the diffraction grating were further characterized by AFM.

2.1.2 Measurement of diffraction intensity

The diffraction intensity was measured using a home made DBS, a schematic of
which is shown in figure 2.3. Laser light was focused onto the portion of the sample
that yielded the largest diffraction intensity. The prism was attached to the glass
microscope slide on the opposite side to the polyelectrolyte grating using an index
matching fluid (Richard-Allan Scientific, n=1.5150) . The angle of the incoming laser
light was sharp enough such that total internal reflection occurred at the grating.
The third order diffraction spot was then focused onto a photodetector (New Focus
Large-Area Visible Photoreciever, Model 2031). The diffraction intensity, measured
in volts, was recorded using a software routine written in LabView. The routine used

is provided in Appendix A.
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Figure 2.3: Schematic illustration of the DBS system used in these
measurements. The grating is made from polyelectrolyte (PE) multi-
layers.

2.1.3 Varying refractive index of polyelectrolyte diffraction

gratings

It has been shown that gold nanoparticles stabilized using 4-dimethyl aminopyridine
(DMAP) incorporate readily into polyelectrolyte multilayers [27]. When DMAP is
put into aqueous solution, electron rearrangement occurs in the pyridine ring to form
the charged species shown in figure 2.4 [27]. The DMAP stabilized gold nanoparticles
appear positively charged under the conditions used in these experiments (figure
2.5 This positive charge allows for a favorable interaction with the highly charged
polyelectrolytes.
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Figure 2.4: Structure of DMAP in aqueous solution

The DMAP stabilized gold nanoparticles were synthesized according to the method
described by Gittins and Caruso [26]. An aliquot of 25mM tetraoctylammonium bro-
mide (TOAB) was added to 30 mL of 30 mM H AuCl, in toluene. Next, 25 mL of
0.4 M sodium borohydride (NayBH,4) was added to this mixture. After the solu-
tion was stirred for 30 minutes, it was washed three times with 0.1 M sulfuric acid
(H350y), 0.1M sodium hydroxide (NaOH), and water. The solution was then dried
over sodium sulfate (NaSO,). A 10 ml aliquot of 0.1 M aqueous DMAP was then
added to a 10 ml aliquot of gold nanoparticle solution. The dark purple colour that
was initially associated with the organic phase moved to the aqueous layer. We as-
sociated this colour change with the nanoparticles undergoing a phase transfer from
the organic to the aqueous phase. The aqueous phase was then separated and col-
lected. The DMAP stabilized gold nanoparticles were characterized by transmission

electron microscopy (TEM), and UV-Vis absorption spectroscopy.

Polyelectrolyte multilayer gratings were incubated in concentrated DMAP-gold
nanoparticle solutions for intervals of approximately 5 minutes. After each time
interval, the grating was rinsed in Millipore water, and dried using a stream of
Ns(g). The grating was then imaged using AFM. After characterization by AFM
the diffraction intensity was determined using the experimental design outlined in

figure 2.3.
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Figure 2.5: A simplified depiction of DMAP stabilized gold nanopar-
ticles. The orientation of the DMAP on the surface causes the complex
to appear positively charged.

2.2 Results and Discussion

2.2.1 Theoretical relationship between observed diffraction

intensity and grating properties

Before developing and testing the multilayer gratings, we investigated the expected
mathematical relationships between the observed diffraction intensity and the grating
properties. Equation 1.2 describes the diffraction efficiency of a VPH grating, which,
as proposed in Chapter 1, can be used to describe the gratings in this research. The

equation, however, is not the easiest to interpret. To simplify it we apply a Taylor
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expansion. The general form of a Taylor expansion is

, 2P
sing & & — o +§ (2.1)
Knowing that
sin?z = (sin x)? (2.2)
The general expansion becomes
) 2P
sin z & (m—y +a...)2 (2.3)
224 28
.2 2
s ~ -t ... 24
in“r~ r T (2.4)
For equation 2.4 , we can define v = CAOZi, and assuming mAnd < A cos «, this results

in x =~ 0 allowing us to discard all except the first term in the Taylor expansion.
sinz ~ 2? (2.5)

Substituting for z gives
And And
sin? To1C o (T2 (2.6)

A COS A COS (v

The diffraction efficiency can now be expressed as quadratically dependent on An

and d.
TAnd

A COS

n=( )* (2.7)

To ensure that the assumption that TAnd < Acos« is valid, a simple calculation
was performed. Diffraction efficiency, as described by equation 1.2 is graphed against
grating thickness and difference in refractive index and is plotted in figures 2.6 and
2.7 . The wavelength of light used is 632 nm, and « is approximated to be % radians.
These values were chosen as they describe the range of values that will be used in
the experiment. Varying the thickness of the polyelectrolytes could vary the grating
thickness between 0 and 150 nm. The refractive index of polyelectrolyte multilayers
was reported to be approximately 1.50 [29] and the surrounding medium is either
water (n=1.3), or air (n=1). The plots were then fit to quadratic functions. As can be
seen in Figure 2.6 and 2.7 the quadratic relationship holds over the range of thickness

and refractive indices being considered. Equation 1.1 describes diffraction efficiency
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Figure 2.6: Plot showing diffraction efficiency, a dimensionless quan-
tity, as a function of grating thickness. The solid points are calculated
from equation 1.2 (A=634 nm, o = 30°,An=0.33). The curve is a
second order polynomial fit (y = yo + ax + bz?).

as the ratio of the intensity of the observed diffraction spot over the intensity of
the output of the laser. Assuming that any variation in output intensity is small
relative to the changes in diffraction intensity caused by the changes in the system,
we can say that the experimentally observed diffraction intensity is proportional to
the diffraction efficiency. We, therefore, expect the diffraction intensity to vary as the
square of the thickness of the diffraction grating and An. Should the experimentally
derived relationship between diffraction intensity and grating thickness, and An be
quadratic in nature, we can say that the system is well described by equation 1.2

and has properties that are similar to volume-phase holograms.
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Figure 2.7: Plot showing diffraction efficiency, a dimensionless quan-
tity, as a function of difference in refractive index. The solid points are
calculated from equation 1.2 (A=634 nm, o = 30°, d=65 nm). The
curve is a second order polynomial fit (y = yo + ax + bx?).

The DBS used in these experiments relies on total internal reflection illumination.
This results in a maximum probe depth, which means that once the sample thickness
has reached a certain value, further increases will not change the diffraction signal.
The maximum probe depth can be approximated by determining the decay length
of the evanescent wave (I,) that results from total internal reflection. This intensity
of the wave decreases as distance (z) from the glass - air or glass-water interface

according to [30]:



Where I is the incident intensity, and d is the decay distance and is given by
d= ﬁ\n% sin® § — nf| " (2.9)
2T

Assigning the cut off intensity of the evanescent wave (the value where I, is negligible)

to

i _ (2.10)
We find that I, becomes negligible when z =d. The calculated maximum depth
that the wave can probe for our system is calculated to be 153 nm. Therefore, the
simplification of equation 1.2 by performing a Taylor expansion to yield equation
2.7 adequately describes the dependence of the observed diffraction intensity to the
grating thickness. Note this also sets an upper limit on the range of experimental
thicknesses, which can be used in this study. The total internal reflection setup

should not limit the utility of the sensor as most biomolecules are less than 153 nm

in any given dimension.

2.2.2 Diffraction intensity as a function of grating thickness

Varying the number of layers of polyelectrolyte used and the salt concentration of
the polyelectrolyte solutions the thickness of the diffraction gratings fabricated by
microcontact printing of polyelectrolyte multilayers was controlled. The height of
each diffraction grating was obtained from AFM images of the sample. Typically,
five high quality images of the surface were collected for each sample. Figure 2.8 a) is
an AFM image of a sample produced from nine PSS/PDAC bilayers (note, we define
a bilayer of polyelectrolyte as one cationic and one anionic layer of polyelectrolyte).
Ten cross-sections of each image were taken, with each cross-section containing ap-
proximately 512 points (figure 2.8 b). The cross-sections were then compiled to
create a histogram of grating heights. The histograms consisted of two peaks, one
associated with the surface of the glass, and the other associated with height of the
multilayers (figure 2.8 ¢). A Gaussian curve was used to fit the histogram, and the

peak values were subtracted from one another to obtain the average thickness of the

20



150

4l

| T

b Distance (nm)

Height (nm)
)
1

400

[
<3
=3

Number of Occurences
N
S
8

=}
S

o

0 50 100 150
Height (nm)

Figure 2.8: a) An AFM image of a diffraction grating formed from
nine PSS/PDAC bilayers (65x65 pm) b) Cross-section of AFM image
a. ¢) Histogram compiled from 50 cross-sections of sample shown in a.

film. The uncertainties were determined from the standard deviation of the Gaussian

curves.

Initially, gratings were prepared using unfiltered solutions of polyelectrolyte.
AFM images of the diffraction gratings revealed small (typically 10 nm in diam-
eter) dots over the entire surface (figure 2.9 a). We hypothesize that the dots were
aggregates of polyelectrolyte resulting from a double layer interaction facilitated by
the salt in solution. Because of the high charge density of polyelectrolytes, we expect
that as salt is added, the double layer effect can allow the polyelectrolytes to fold
on themselves, and interact with one another. This interaction, which would occur

while the polyelectrolytes are still in solution, would result in the aggregates that
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Figure 2.9: Polyelectrolyte multilayers patterned to form diffraction
gratings. a) Unfiltered polyelectrolyte solutions used, b) Filtered poly-
electrolyte solutions used, c¢) Polyelectrolyte solution is unfiltered and
contains no salt. Each image 65x65 um

are observed.

Since the presence of the aggregated material led to rough gratings which were
somewhat difficult to characterize in the AFM, efforts were made to remove the aggre-
gates. To minimize this problem, diffraction gratings were made from polyelectrolyte
solutions that had been passed through a 0.22 pm filter, and from polyelectrolyte
solutions without salt. The aggregates were no longer observed in the AFM images
of these samples, figures 2.9 b) and 2.9 c) respectively. All future gratings prepared

with salt were filtered to remove the aggregated polymer.

A set of polyelectrolyte diffraction gratings of well defined thicknesses were pre-
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pared. To achieve a wide range of grating thicknesses a varying number of bilayers of
polyelectrolytes and different salt concentration were used. Polyelectrolyte solutions
were prepared with final NaCl concentrations of 0, 0.2, 0.4, 0.6, and 0.8 M. We ob-
served that the relationship between the salt concentration, the number of layers and
the observed thickness does not follow any obvious systematic trend. We believe this
variability, observed in table 2.1, is due in part from the marginally larger affinity
of the polyelectrolyte multilayers for the glass when compared to the PDMS. PAH
is the layer that is immediately adjacent to the PDMS, while PDAC is the layer
that is immediately adjacent to the glass substrate. For microcontact printing to
be effective, the PDAC/glass interaction needs to be larger than the PAH/PDMS
interaction. This is, of course, how the multilayer is engineered. However, the poly-
electrolyte multilayers form an amorphous thin film [24]. This means that the layer
adjacent to the PDMS is a mixture, largely of PAH, but with significant amounts of
PSS and PDAC, and the layer adjacent to the glass is a mixture of PDAC and PSS.
This will cause the difference in affinity of the multilayers towards the glass substrate
to be similar to that of the PDMS. This difference is therefore smaller than if the
substrate and the stamp were made from two very different materials, and causes

the variability in results observed in the microcontact printing.

The experimentally determined relationship between thickness of the diffraction
grating and the observed diffraction intensity, Figure 2.10, follows a quadratic rela-
tionship. This result agrees with the theoretically derived result (Figure 2.6). This

suggests that the VPH equations can be used as a successful model for this system.

This means that the mechanism of diffraction occurring in the diffraction gratings
is the same as that of Volume-phase holograms. As light enters into the diffraction
grating area, a few of the wave trains pass through areas of air, while others will
enter the area of polyelectrolyte. Given the difference between the refractive indices
of the two media, the wave trains will no longer travel at the same velocity. When
they re-emerge they will be out of phase with one another. The extent that they
are out of phase will determine the intensity of the observed diffraction. Since the

refractive index is constant, the only way to control the difference in phase is by
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Table 2.1: The heights, number of bilayers, and concentration of NaCl
for diffraction gratings used to determine the dependence of intensity
of a given diffraction spot on thickness of the grating.

Entry |[NaCl] (M) |Number of bilayers | Height (nm)

1 0.4 9 51+6

0.4

0.8

0.6

2
3
4 0.8
5
6

©| N| N| N| ©
(o3
N
I+
—
N

0.8 138+3

changing the path length that the light must travel. The optical path length is given
by the thickness of the grating. Therefore, the thickness of the grating will control

the degree that the wave trains are out of phase with one another.

This gives new insight to some previously reported results. For example in the
work presented by Fiori and Paige [6], a grating made from mouse IgG was degraded
by the enzyme trypsin as a function of time. The diffraction intensity was found
to decay exponentially as a function of time. The observed diffraction intensity
decreased to 20% of its original value after 15 minutes of incubation. Now, we can
translate the observed diffraction intensity into a grating thickness. The diffraction
intensity will still scale exponentially with thickness of the grating. The rate of decay
of the exponential will, however, be more rapid. This would mean that after 15
minutes, the resulting grating should be approximately 4% of its original thickness.
This reinforces the suggested first order mechanism suggested by Fiori and Paige

[6]. Since the mouse IgG is immobilized on a solid surface, we would not expect
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Figure 2.10: Plot of experimentally measured diffraction intensity as
a function of grating thickness. The line is a second order polynomial
fit.

the concentration of the IgG to play a role in the mechanism of the reaction. We
now have access to real kinetic parameters that are involved in this reaction. A
similar analysis will be performed on the work by Goh and coworkers[3] on real
time monitoring of the binding of rabbit and mouse anti-IgG to their complimentary

immunoglobulins in Chapter 3.
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Figure 2.11: UV absorbance spectra of DMAP stabilized gold
nanoparticles

2.2.3 Diffraction intensity as a function of grating refractive

index

The DMAP stabilized gold nanoparticles were characterized by UV-Vis absorption
spectroscopy and TEM to qualitatively determine the size and distribution of the
nanoparticles. Figure 2.11 shows the UV absorbance spectra of the DMAP stabilized
gold nanoparticles. Figure 2.12 shows a TEM image of the DMAP stabilized gold
nanoparticles. From the position of the absorbance peak of the nanoparticles, as
well as the TEM image we see that the synthesized nanoparticles were relatively
monodisperse with a size of approximately 6 nm.

As mentioned earlier, to adjust the refractive index of the polyelectrolyte grat-
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ings, well-characterized samples were incubated in a concentrated aqueous solution
of DMAP stabilized gold nanoparticles. Figure 2.13 shows that as the grating was
exposed to the aqueous nanoparticle solution for a longer period of time, the con-
centration of the nanoparticles on the surface increases. The observed dots are truly
nanoparticles due to their size, and their absence from other samples that were not
placed in the aqueous DMAP-gold nanoparticle solution. We also notice that there
are no real changes in the diffraction grating. The thickness, and spacing of the
grating are approximately the same for all these images.

We note that for exposure times above 30 minutes, the diffraction intensity
rapidly decreases. Characterization of these samples by AFM shows poorly defined
grating structure. This is a result of the polyelectrolyte multilayers being removed
by exposure to the solution (figure 2.14).

After the nanoparticle doped gratings were characterized by AFM, the intensity
of the diffaction pattern was measured in the DBS. The diffraction intensity mea-
sured from the incubated gratings increased linearly with nanoparticle incubation
time (figure 2.15). If one assumes that the variable An in equation 2.7 is directly
proportional to the incubation time, this result is in good agreement with that ex-
pected for the VPH gratings.

Given that the exposed surface of polyelectrolyte is amorphous in nature, the
surface of the polyelectrolyte will be a mixture of the PSS and PDAC. We therefore
assume that the net surface charge that the polyelectrolyte multilayers exhibit in
the bulk is zero. Let us first assume a uniform concentration of the nanoparticles
throughout the solution. Since the nanoparticle solution is quite concentrated, it is
logical to assume that the number of available sites on the surface will control the
maximum number of nanoparticles that can be adsorbed. With such large charges
in the multilayers, it is also reasonable to assume that the effect of the charge of
DMAP will be masked and not affect the ability of a subsequent nanoparticle from
adsorbing. Combined this makes the concentration of nanoparticles on the surface a

function of time only. This system now can be modeled by the Langmuir Isotherm,

d=_"" (2.11)



Where @ is the fractional surface coverage, b is a ratio of the adsorption rate con-
stant over the desorption rate constant, and t is the time allowed for adsorption.
Figure 2.16 shows a typical Langmuir isotherm. This curve is initially linear with a
steep slope. It then approaches saturation and plateaus. Given the relatively short
incubation period [27] it is reasonable to assume that adsorption is occurring in the
first region of this curve.

The second assumption required for our data to fit within the expected result
from equation 2.7 is a linear dependence in change in refractive index with changing
nanoparticle loading. With both of these assumptions we should see a quadratic rela-
tionship. However, since the nanoparticles are small relative to the grating thickness,
we can expect scattering of the light between the particles. In general, for a grating,
the intensity of the scattered light scales quadratically with its thickness according
to equation 2.7. Nevertheless, when a certain number of particles are loaded onto
the grating, the situation is more complicated. When the radius of the particles is
smaller than the width of the pattern stripes, the spheres tend to organize randomly
within each stripe of the diffraction grating. Thus the effect is an ensemble of spheres
which are only partially ordered when looking at the larger surface. In this case, as
the number of beads increases, the scattered intensity cannot grow quadratically, as
it would happen for a perfectly ordered grating. On the contrary, when the sphere
radius is more or less equal to the stripe width, the beads tend to be perfectly aligned,
with the result of a constructive interference in the scattered light, the intensity of
which scales quadratically. This result, therefore, does not contradict the results
expected from equation 2.7. It would be beneficial, however, to be able to view the
diffraction intensity purely as a function of refractive index, without having to worry

about the scattering effects.

2.3 Conclusions

The diffraction intensity was theoretically determined to follow a quadratic depen-

dence on grating thickness (optical path length) and refractive index modulation
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within the limits of the DBS system. Using polyelectrolyte multilayers, a series of
gratings of varying thickness were developed, and the diffraction intensity as a func-
tion of grating thickness was found to follow a quadratic relationship in accordance
to theory. The polyelectrolyte gratings were then loaded with DMAP stabilized gold
nanoparticles to vary the refractive index of the gratings. The relationship between
the time allotted for nanoparticle loading and observed diffraction intensity follows
a linear relationship. This variation from theory is attributed to scattering of light

off of the nanoparticles.
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Figure 2.12: Transmission electron microscope image of DMAP sta-
bilized gold nanoparticles
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Figure 2.13: Tapping mode AFM images of a polyelectrolyte grating
after a) 0 b)11 ¢) 22 minutes of incubation in aqueous gold nanoparticle
solution. Each image 6x6 pm.
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Figure 2.14: Polyelectrolyte diffraction gratings after submersion in
aqueous nanoparticle solution for a) 22 minutes b) 35 minutes
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Figure 2.15: Plot of diffraction intensity as a function of the time
the diffraction grating was immersed in the gold nanoparticle solution.
The line is a linear fit to the data.
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CHAPTER 3

CHARACTERIZING THE EFFECT OF PARTICLE

LOADING ON DIFFRACTION EFFICIENCY

3.1 Materials and methods

3.1.1 The system

DBS systems operate by monitoring the change in intensity of a diffraction spot as
analyte molecules bind to a functionalized grating. So far we have described how the
diffraction intensity varies according to the properties of the grating. The second
portion of this research involves determining how particle loading effects the observed
diffraction intensity. Since recent publications have focused on quantification of
analyte, and reaction kinetics on the grating surface[3, 6], we also perform kinetic
experiments to relate the observed data to kinetic parameters such as adsorption
rate, and extent of particle loading.

For these measurements, we have made use of a commercial DBS, the dotLab?* system
(Axela Biosensors Inc., Figure 3.1 [31]). The main benefits of this system over the
more simple home-made system described in the previous chapters include integrated
fluidics, and an established user interface. Disposable diffraction gratings were made
out of the biopolymer avidin printed on a PS substrate (Axela Biosensors Inc.). The
analyte particles consisted of 2 ym PS beads that had been functionalized with car-
boxyl groups (Polysciences). A 50 uL aliquot of the beads was mixed with 5 mL of

phosphate buffer solution (pH = 7.4). A new grating was used for each experiment.
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Figure 3.1: The Axela dotLab?™ system. Reproduced from [31]

Each experiment consisted of a series of steps. First, the sensor surface was rinsed
with 500 uL of phosphate buffer solution with 10% Tween v/v (pH=7.4). Tween
is a polyethylene based detergent. During this process, the solution was oscillated
over the grating surface 10 times. This rinsing was repeated two more times to
ensure that any contaminants on the grating surface had been cleaned off. Next, the
injection needles that are used to deliver the sample were cleaned with a phosphate
buffer solution (pH=7.4). A 60 pL aliquot of phosphate buffer solution (pH=7.4)
was then drawn into the sensor, and oscillated over the surface 500 times to remove
any Tween detergent left after the washings. After another tip washing, 60 pL of the
2 pm bead solution were drawn into sensor. This solution was left to incubate on
the sensor surface for a varying period of time to allow the beads to adsorb onto the
grating surface. The incubation times for the PS beads were 350, 860, 1500, 2000,
2800, 4200, and 5400 seconds.

Avidin is known to bind the water-soluble vitamin biotin with the highest affinity
known for non-covalent interactions. The isoelectric point of avidin is approximately
10.5, making it negatively charged at the pH used here. Since the PS beads used
were carboxylated, they have a net negative charge at a pH of 7.4, and bind to the
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avidin grating via electrostatic interactions.

3.1.2 Characterization of the surface particle loading

After the PS beads were allowed to incubate on the grating surface, the sensor was
disassembled, and optical microscopy was used to view the surface. Each sensor
consisted of 8 independent gratings which were 1.462 mm in diameter. The second
and third grating were used for all analysis as these gratings were the least likely to
be damaged during the disassembly process. Five optical images of each grating were
captured using a Nikon Coolpix digital camera. Before each session, a calibration
grid was used to determine magnification scale of the images. An example of an

optical image is given in Figure 3.2.

Figure 3.2: Optical microscopy of 2 um carboxylated PS beads on an
avidin grating. Magnification =20x. Viewing area= .496 mm?
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The resulting images were processed using ImageJ (NIH). Once the RGB images
were converted to 8-bit images, the picture was converted into binary pixels by setting
a threshold. The image was then analysed to count all particles (pixels within the
threshold) with a size between 36-1000 pixels® which translates to particle sizes
between 1 and 7 pum. Once the number of particles were counted, the number of
particles per area were determined for each surface. This was then averaged, and
the total number of particles on the grating was estimated. The observed diffraction

intensity was then plotted as a function of the number of particles on the surface.

Another major area of interest is the effect of particle order on the surface on the
observed diffraction intensity. We tried to develop a method to quantify the degree
of periodicity in the system. To measure this, the following approach was taken:
three replicate samples were made with incubation times of 4200 seconds. Optical
microscopy was used to image each of these surfaces. Five images were taken of the
second and third diffraction grating on the sensor, and the Fourier transform for each
image was calculated. The Fourier transform is a linear operator that breaks down
an image or function into its frequency components. As can be seen from Figure 3.3,
the Fourier transform yielded a series of bright spots in a row. Each of these spots
represents the frequency of repetition and associated harmonics. From the intensity
of these spots, we can determine the extent that this particular frequency occurs.
As the peaks are more intense, the more pronounced that particular frequency is.
Any periodicity change will be reflected in the intensity of the peaks. If the particles
load in a manner that keeps or increases the periodicity of the grating, then the
peaks would be more intense than if they order in a manner that would decrease
the periodicity of the grating. The cross section of these peaks were taken, and the
intensity of these peaks, were summed and divided by the sum of the intensity of
each pixel to reduce errors caused by variations in image size. This was averaged
with the Fourier transforms of the other four images to yield a normalized peak
intensity. The relative average normalized peak intensity should give insight into the

comparative order of the particles in the system.
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Figure 3.3: a)Optical image of PS beads on an avidin grating - image
size 473%x303 pm. b) Fourier Transform of a.

3.1.3 Adsorption kinetics

A strength of DBS systems is the potential to probe reaction mechanisms through
characterizing the kinetics of biologically important reactions [3, 6. We show here,
for the first time, the use of a DBS system to extract certain reaction parameters in
a simple test system, the binding of carboxylated PS beads to an avidin surface. The
Axela dotLab system outputs intensity of a diffraction spot as a function of time.
The data for each run were then plotted in Origin, and analyzed using Origin’s non-
linear curve fitting routine. Each data point includes the data for an experiment of
the specified duration as well as the data for that time for all experiments of longer

duration.
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3.2 Results and discussion

3.2.1 Effects of particle loading on the diffraction intensity

Figure 3.4 shows the experimentally determined diffraction intensity as a function of
particle loading. We see that as the number of particles on the surface increases, the
diffraction intensity also increases, and that the trend is well described by a quadratic
relationship. We have already established that this relationship is the behavior
predicted for a system following the same mechanism as volume-phase hologram
gratings. Assuming that the refractive index of avidin and the polymer spheres are
similar, this implies that the particles that are on the surface act to increase the
path length of the light. This increase in path length is the cause of the observed

increase in diffraction intensity.

It must be noted that this change in path length is not homogeneous over the
entire surface. Only areas where the particles have adsorbed onto the surface will
have an increased optical path length. We assume that there are three paths that
light can travel. The wave trains can reflect off the substrate surface, or travel twice
the height of the grating after reflecting off the grating surface, or twice the height of
the grating and the particle. Here the difference in path length is equivalent to the
path length of one of the wave trains through the higher refractive index medium,
and therefore the degree that two wave trains are out of phase is dependent only on

the difference in path length.

Since the exposed substrate is constant, we assume that the percentage of light
reflecting off the substrate surface will remain constant. The variation, then, comes
from the amount of light that can travel the longer particle path length. Given that
we established that the more out of phase the wave trains would be, the larger the
intensity of diffracted spots, those wave trains that travel the longer path (those
where a particle is adsorbed) will be out of phase with the wave trains that reflect
off the surface to a greater degree than those that only reflect off the grating. As

more particles adsorb onto the surface, a larger percentage of light will travel this
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Figure 3.4: Plot showing diffraction intensity as a function of number
of particles on the grating surface. The line is a second order polynomial
fit to data, y = 4.173 x 107 %22,

longer distance and contribute to larger diffraction intensity. If we assume that each
of the two thicknesses contributes linearly to the observed diffraction intensity, then

the trend observed can also act as the average thickness of the grating.

We can now gain greater insight into results such as the real-time measurements
of rabbit and mouse anti-IgG binding to their immunoglobulin reported by Goh and
co-workers [3]. Here intensity data were collected as a function of time as anti-IgG
binding occurred for various concentrations of anti-IgG solutions. The diffraction in-
tensity scaled exponentially as a function of anti-IgG loading. It should be possible,

in the future, for researchers to convert the signal into a surface concentration of

41



bound material. Using the relationship between diffraction intensity and number of
large particles on the surface derived earlier, the diffraction intensity can be trans-
lated into number of anti-IgG molecules on the surface. When diffraction intensity
is translated into particle loading, we will still see an exponential dependence, but
again the slope of this curve will be steeper. This will again yield kinetic parame-
ters of this reaction, which will give insight into the nature of the antigen/antibody

Interaction.

3.2.2 Effects of particle order

As described earlier, the most obvious cause of variation of the behavior of diffraction
intensity as particles are loaded onto a surface compared to that of changing thickness
of the grating is caused by the scattering of light by the particles. These scattering
effects are expected to be most pronounced as long range order of the particles
decreases. We began developing a method to quantify the degree that the particle
loading decreases the periodicity of the grating. Time limitations, however, prevented
us from completing the development of this method. The observed relationship
between the diffraction intensity and the number of particles in this system does
follow a quadratic relationship. We expected, then, that any variation in order to be
relatively small.

The Fourier transform of the optical image was cropped, and a cross-section is
taken of the observed spots (Figure 3.5). An optical image of a bare grating was taken
as well. The Fourier transform of that grating did not show any of the characteristic
spots. This makes intuitive sense as the diffraction grating is not visible in the optical
images at this magnification. Consequently, this shows that any observed spots will
be due to the particles mimicking the periodicity of the grating. Meaning, that if
the particles had a similar affinity for the substrate surface as the grating surface,
we would not expect to see the characteristic spots in the Fourier transform.

Figure 3.6 compares the cross-sections of two Fourier transforms of two different
samples. The averaged normalized peak intensity of these samples are (3.7+ 1.1) x

107% and (4.1 &+ 1.3) x 1075. The error is one half the standard deviation of the
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value that formed the average. Table 3.1 shows the average peak intensity of the six

diffraction gratings.

As is clearly visible by the similarity in the size of the peaks in these graphs, and
the resulting averages in peak intensity for these, the order of the particles is the
same for these samples within the limits of the technique. This is also true of all six

diffraction gratings that were investigated for this section.

Table 3.1: List of the average normalized peak intensities for six
diffraction gratings.

Entry Average normalized peak intensity
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This experiment can now be repeated with smaller particles to give a wider range
of order. Particles that are significantly smaller than the width of the grating have
a larger number of possible configurations to load. These smaller particles will have
more variability with respect to the location on the grating surface they will load.
This will cause a wider range of possible configurations of the particles on the surface,

and will result in greater differences in the average peak intensities.
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3.2.3 Characterization and modeling of analyte adsorption

kinetics

We elucidate here, for the first time, the kinetic parameters of a reaction using the
DBS. Knowing that diffraction intensity can be translated directly to the number of
particles on the surface, the diffraction intensity of 2 pum PS beads loading onto an
avidin grating is measured as a function of time. A single exponential function is
used to model this curve. Figure 3.7 shows the diffraction intensity as a function of
time.

Given the shape of the curve, as well as the fact that only monolayer coverage
was observed using optical microscopy, we initially assumed the system could be
described using a Langmuir adsorption isotherm. Figure 2.16 shows a characteristic
Langmuir adsorption isotherm curve. Fitting the data with a Langmuir isotherm did
not result in curves that closely described the trend exhibited by the data. One of the
requirements for Langmuir-type behavior is a rate of adsorption on the same order of
magnitude as the rate of desorption. Experiments showed the rate of desorption was
found to be orders of magnitude faster than that of adsorption, eliminating Langmuir
as a possible model. As an alternative to the Langmuir isotherm, the data were fit

with a single exponential function:
y = A(1 —e ") (3.1)

Careful analysis of this equation yields a few useful parameters of the observed
reaction. The prefactor, A;, describes the maximum diffraction intensity that can be
observed. This will give the maximum number of particles that can be adsorbed onto
the surface. Performing the conversion of diffraction intensity to number of particles
on the surface from the equation determined in Figure 3.4 gives a maximum particle
loading of approximately 34000 particles on the grating surface (20230 particles
mm~2). Figure 3.8 shows the rate of adsorption of the grating PS beads as a function
of time after translating the diffraction intensity into number of particles on the

grating surface.
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The absolute value of the coefficient, k, is 7.593 x 10™* s~! gives insight into
the rate of adsorption of the PS beads. It takes ; (1317) seconds for ~ 63% of the
calculated maximum number of PS beads (~ 21420) to load. Therefore the initial
rate of adsorption of the particles is 16.26 Z%ides. Since we have a two reactant
system, where once reactant is essentially constant, as it is bound to a surface in
the form of a diffraction grating, it is easy to assume that the observed rate of the
reaction depends solely on the concentration of the PS beads. Relating this back to
the work of Fiori [6] and Goh[3], the rates in each of these systems depend only on
the concentration of the Trypsin and anti-mouse IgG respectively. Further work is

needed, however, to gain insight into the mechanism of adsorption and the associated

kinetics.

3.3 Conclusions

The dependence of diffraction intensity on the degree of particle loading was deter-
mined for the system where 2 ym carboxylated PS beads are loaded onto a diffraction

grating made from the biopolymer avidin. Using the Axela dotLab™™

system this re-
lationship was found to follow a quadratic functional form. A method was developed
to quantify the degree of the ordering of the particles. The degree of order for all
samples within our system is the same within the detection limits of the technique,
which is the expected result given the relationship between diffraction intensity and
number of particles on the surface. The kinetics of this system was also investi-
gated, and the extent of particle loading, as well as the rate of adsorption of 2 um
carboxylated PS beads were determined. The maximum loading of these beads was

2

determined to be 20230 particles mm™=.
16.26 part;‘cles‘

The rate of adsorption of the particles is
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Figure 3.5: Cropped Fourier transform of optical image in figure 3.3.
The diagonal line indicates the position of the cross-section.
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CHAPTER 4

CONCLUSIONS AND FUTURE WORK

4.1 Conclusions

In this thesis, two approaches have been taken to gain a better understanding of and
to quantify the factors that affect the intensity of the diffraction signal (diffraction
efficiency). Initially, a mathematical description of how the diffraction based sensor is
expected to operate was developed based on the formalism derived for volume-phase
holography. These two approaches investigated the effects of the grating properties,
and the effects of analyte loading on signal intensity. The grating properties that
were of primary interest are the effects of thickness and refractive index. This was
accomplished by developing a series of gratings from polyelectrolyte multilayers. The
thickness of the polyelectrolyte gratings was controlled by manipulating the number
of layers of polyelectrolyte used and the salt concentration of the polyelectrolyte
solutions. Refractive index of these gratings was then manipulated by incorporating
gold nanoparticles into the gratings.

The effects of analyte loading and ordering were investigated at the lab of M.
Cynthia Goh at the University of Toronto. Using the Axela dotLab™ system, a
solution of 2 um PS beads with carboxyl groups on the surface was flowed over
an avidin grating varying the time of exposure of the grating to the beads. The
resulting diffraction intensity as a function of time data were interpreted to give
kinetic parameters of the system, and to correlate this with the thickness of the
sample. Optical microscopy of the sensor surface was then used to elucidate the
effect of loading large particles onto the grating surface, and the effects of particle

order on the signal.
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The formalism that describes volume-phase holography introduces a parameter,
diffraction efficiency, which describes the ratio of the intensity of the diffraction spots
to the intensity of light initially emitted from the laser. In this relationship, diffrac-
tion efficiency has a sine-squared dependence on the thickness of the grating and
the variation of refractive index between the grating and the surrounding medium.
Using the Taylor expansion, and knowing that we have a limited range of grating
thickness and variations in refractive index we developed a simplified relationship
where diffraction efficiency exhibits a quadratic dependence on grating thickness
and variation in refractive index. Since diffraction efficiency is just a ratio of the
diffraction intensity over the intensity of light emitted from the laser, we showed
that our observed diffraction intensity should show a quadratic dependence on the

grating thickness as well as the variations in refractive index.

A series of diffraction gratings fabricated from polyelectrolyte multilayers were
used to determine how well the DBS systems follow mechanism described by VPH
theory. Gratings were made using the multilayer microcontact printing technique and
were characterized using AFM. The diffraction intensity for these gratings showed
a quadratic dependence on the thickness of the gratings as predicted by VPH the-
ory. Polyelectrolyte diffraction gratings were loaded with DMAP stabilized gold
nanoparticles to change the refractive index difference between the diffraction grat-
ings and the surrounding media. The diffraction gratings were immersed into the
aqueous nanoparticle solutions for approximately 5 minute intervals. AFM images
of the diffractions showed that as the diffraction grating is allowed to incubate in the
nanoparticle solution for longer periods of time, more nanoparticles adsorb onto the
grating surface, increasing the difference in refractive index between the grating and
the surrounding media. The diffraction intensity showed a linear dependence on the

amount of time the grating was allowed to incubate in the nanoparticle solution.

DBS systems operate by monitoring the change in intensity of a diffraction spot
as analyte molecules bind onto the diffraction grating. The major factor that causes
the observed change in diffraction intensity is the new optical path length where

an analyte molecule is bound to the surface. As large particles of carboxylated PS
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are bound onto an avidin grating diffraction intensity increases quadratically. This
confirms the expectation large particles act as a thicker grating.

We started to work on a method to determine the degree of order that the particles
arranged on the grating surface. This was accomplished by interpreting the Fourier
transform of optical images of the PS beads on the grating surface. Our large PS
beads should have loaded onto the surface with relatively similar degrees of order as
determined by the relationship between diffraction intensity and number of particles
of the surface. Within the limits of the detection of our technique, the degree of
order of the PS beads on the surface of our grating was the same for all the samples.

We showed, for the first time, the use of a DBS system to obtain the rate and
maximum surface coverage of carboxylated PS beads on an avidin surface. The

particles
6 s

initial rate of this adsorption was shown to be is 16.2 . We also determined

that the maximum surface concentration of the PS beads on this surface to be 20230

particles mm™2.

4.2 Future Work

There are three areas that need to be addressed to remove any outstanding ambi-
guities in the understanding of how a DBS operates. The first is to create a variety
of diffraction gratings with well defined refractive indices and quantify the relation-
ship between diffraction intensity and the difference in refractive index between the
grating and the surrounding media. The second is to use the method developed to
quantify the degree to which the particles on the surface reduce the periodicity of
the gratings, and gain an understanding of how this effects the observed diffraction
intensity. Finally, expanding on the kinetic data to develop a method that will allow
mechanistic data to be extracted from the DBS, such as rate constants and activation
energies would expand the applicability of the DBS from a purely diagnostic tool.
It has been shown recently that the multilayer thin films can be fabricated us-
ing titanium(IV) bis(ammonium lactato)dihidroxide (TALH) and the polyelectrolyte
PDACI32, 33, 34]. The technique for developing these thin films is analogous to the
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layer-by-layer (LBL) technique for creating multilayers from two oppositely charged
polyelectrolytes. The average refractive index of these films was determined to be
1.68 [34]. In theory this can be combined with traditional LBL polyelectrolyte print-
ing (i.e with two polyelectrolytes) to vary the refractive index of the sample, by
changing the concentration of TALH in the samples.

To complete the quantification of particle order on the gratings surface, particles
that are significantly smaller than the width of a grating line should be used. Using
these particles will allow a greater number of possible configurations of the particles
on the surface. Since a large number of these samples will be representative of the
large number of possible configurations of the particles on the surface, using the
Fourier Transform technique developed here with a series of samples with smaller
particles used the dependance of the order of the particles on the observed diffraction
intensity can be established.

Finally, information on the order of the reaction and a pseudo rate constant of
the adsorption of analyte molecules can be obtained from the dotLab™ system. By
performing a series of experiments on the same system (i.e same analyte/grating
interaction), varying the concentration of the analyte molecule, one can use the
method of initial rates to elucidate the order of the reaction with respect to the
analyte molecule. This methodology should work as long as the diffraction intensity
curves can be fit to a similar single exponential function as was used in this work so
the rate can be determined. Also, the conditions must hold for the method of initial
rates to be valid. A pseudo rate constant can also be determined through the same

methodology.
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APPENDIX A

LABVIEW ROUTINE

The LabView software package was used to develop a routine to output the
diffraction intensity observed by our photodetector by Luanne Sawatzsky. The pro-

gram outputs two charts, one is of raw data over the averaging time period, the other
plots each time averaged signal as a function of time.

Page 1 |g=3
averaged_analysis_6.vi -
C:\Users\J\averaqged_analysis_6.vi
Last modified on 14/05/2004 at 4:17 PM
Printed on 25/10/2007 at 1:40 PM

.[ ,’ Raw Data Graph
DAQ Assistant
" error in
error out »|
task out ¥ F
data U I s
\d stop (F) D-vae
- _wf,p_(. ~— ElEits Write LabVIEW
— Measurement File
[} Signals
» Comment
'q' » Enable
perror in (no enor)
|Averaging Time Control P File Name
iAveraging Indicator error out M
File Name Out §
¢ Er‘-; Saving Data o
verage Data Chart
B
=
[stop]
—
[ sor f— 18]
A [
]

Figure A.1: Screen shot of LabView routine used to measure diffrac-
tion intensity
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