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The main objective of this dissertation is to apply the fundamental principles of
surface plasmon assisted spectroscopies such as surface plasmon resonance spectroscopy
and surface enhanced Raman spectroscopy in the trace analysis of selenite and tellurite
concentration in an analyte solution, the study of the protein-protein interactions, and
chemical sensing.

Chapter 1 presents the detailed literature review on two types of the surface
plasmon assisted spectroscopies: surface plasmon resonance spectroscopy (SPR) and
surface enhanced Raman spectroscopy (SERS). The principles of SPR and SERS based
on the optical properties of the metallic thin film, their current applications in

biochemical/chemical sensing, and the anticipated results are discussed in detail.



Chapter 2 provides a detailed discussion on the quantitative analysis of the
selenite and tellurite concentration in an analyte solution. This study employs the
combined electrochemistry and SPR technique (EC-SPR) to determine the concentration
of an unknown solution containing selenite and tellurite ions. The motivation of
determining selenium content in an aqueous solution, brief background of EC-SPR, the
experiment setup, and the results of the research are presented.

Chapter 3 presents the application of surface Plasmon resonance spectroscopy in
studying the protein-protein interaction as a surface based bioanalytical method. The two
component protein system of alkanesulfonate monooxygenase was chosen as a model
system for the study. The flavin reductase (SsuE) and flavin monooxygenase (SsuD)
interact strongly to carry out enzymatic reactions. Their interaction has been studied
using the solution based method. Herein, the surface based method such as SPR was used
in this study and the current research results were compared to the results obtained from
the solution based method. The discrepancy between two results was discussed.

Chapter 4 presents the application of surface enhanced Raman spectroscopy in
studying the binary components of self-assembled monolayers and in developing a state-
of-art filter based chemical sensor. The goal of this research project is to develop an
optical based chemical sensor for monitoring the in-flight air quality. The development
and the validation of the SERS based sensor are discussed.

Chapter 5 summarizes the finding of the research. The future work of the projects

is stated.
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CHAPTER 1
INTRODUCTION TO SURFACE PLASMON RESONANCE SPECTROSCOPY

AND SURFACE ENHANCED RAMAN SPECTROSCOPY

1.1 Introduction

A surface plasmon is a quantum of a collective plasma oscillation confined at a
dielectric-metal interface.'” It can be excited by electromagnetic radiation by matching
the momentum of the incident photons to that of the surface plasmon or so-called surface
plasmon resonance (SPR) condition. The excited surface plasmon or the surface plasmon
polariton can propagate along a planar metal surface or can be localized on metallic
nanoparticles or nanostructures. The induced electromagnetic field on metal surface
decays exponentially into both media as a surface confined evanescent wave. Since the
induced field is very sensitive to the variations of the dielectric medium in proximity to a
metal surface, a small change in the optical properties of the dielectric medium can be
quantitatively analyzed for the sensing purposes.

Sensors based on surface plasmon resonance have gained increasing popularity.
One example is surface plasmon resonance spectroscopy, which is able to measure the
binding of analytes to the functionalized surfaces without any labeling and is able to
measure the binding events in real time.”® Its label-free advantage has been exploited for

9

biosensing applications such as the development of immunosensors,”” proteomic

14,15

technology,'®"! drug discovery,'>"> DNA sensors, and as a tool for studying



biomolecular interactions.'®!

Several reviews of surface plasmon resonance
spectroscopy have been published.'®?° On the other hand, the large field enhancement
associated with SPR provides a basis for many surface analytical techniques such as

24

21-
surface enhanced Raman spectroscopy, surface enhanced fluorescence

25,26 27-29

spectroscopy, and surface enhanced infrared absorption. The field enhancement

will be discussed in more detail in section 1.7.2

1.2 Dielectric constant of metals

Optical properties of a material often relate to the dielectric constant of the
material and they can be determined by exposing the material to electromagnetic
radiation such as visible light. The incident radiation of the visible light can excite the
electrons of the materials into the unoccupied energy states above the Fermi energy level
and the electron transition is demonstrated in Figure 1.1a. Metals have continuous empty
electron states available for such electron transitions; therefore, metals can absorb all
frequencies of visible light. However, most of the absorbed radiation by the metal is
reemitted as the reflected light. Figure 1.1b depicts the electron transition accompanying
the reemission of the light. The amount of reflected light energy can be measured and
normalized with the incident light energy to yield the reflectivity of the materials. The
reflectivity for most metals is between 0.90 and 0.95 since a small fraction of the incident
energy is dissipated as heat during the non-radiative decay process.

Most metals are opaque, but certain metals such as copper and gold appear
colored due to their unique optical property in selectively absorbing some certain

wavelengths of the visible light without the light re-emission.
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Figure 1.1 (a) Schematic representation of the mechanism of photon absorption for
metallic materials in which an electron is excited into a higher-energy unoccupied state.
The change in energy of the electron is equal to the energy of the photon. (b) Reemission
of a photon of light by the direct transition of an electron from a high to a low energy

state (reference 30).



The optical properties of metals can be explained by the Drude model,' The
complex, frequency-dependent (o) dielectric constant for metals can be expressed as the

following equation.
— oS b
£,(0)=¢; (0)+ ¢, (0) Fa. 1.1

where the first term is associated with free electrons in the conduction band, and the latter
is associated with bound electrons (those in filled band) and ions associated with the
underlying lattice. To simplify the model, only the contribution from the free electrons is
considered. The Drude model describes the dielectric constant of the free electrons, arf
while the Lorentz harmonic-oscillator model describes the equation of motion of a free

electron. The combination of these two models yields the dielectric constant of the metal.

@) =1-—2F

g (0)=1-————

m o +iTw Eq. 1.2
Neé?

® = |—

P me Eq. 1.3

where o, is plasma frequency, I" is the damping constant, N is the free electron density, e
is the electron charge, m is the effective mass of the electron, and ¢, is the dielectric
constant of free space. The damping constant I is related to the electron mean free path, /,

and the Fermi velocity, V.

l Eq. 1.4



When o << o, &(®) is negative and the metals will reflect the incoming electromagnetic
waves below the frequency of the applied radiation. When o>>w,, &(®) is positive and
the metals are transparent above the frequency of the applied radiation. Table 1.1 shows
the plasma frequency, the damping constants, and the Fermi velocity for copper, silver,

and gold.

1.3 Surface plasmon polariton

Excitation of a surface plasmon by a photon is called a surface plasmon polariton
or a surface plasmon wave. It is a collective oscillation of electrons or a plasma wave
near the surface of a metal, also known as the nonradiative evanescent wave.' Figure 1.2
depicts the surface plasmon waves at a metal-dielectric interface. Maxwell’s equations
consist of four partial differential equations which describe the properties of the electric
and magnetic fields under an electromagnetic perturbation. We can use Maxwell’s
equations to describe the generation of a surface plasmon polariton.'”' Figure 1.2 shows
a system with two media, a dielectric and a metal. When light impinges at the interface
between the two media, the linear momentum of the light is conserved across the two
medium. The derivation of Maxwell’s equation leads to a simple relationship between the
relative permittivity and the normal components of the wavevectors of the applied field in

both media shown in equation 1.5."

Es _ En
Eq. 1.5
kdz kmz

where kg, and ky,, are the z-components of the wavevectors of the radiation in a dielectric

medium and in a metal respectively.



Table 1.1 The plasma frequency, the damping constants, and the Fermi velocity for

copper, silver, and gold.'

Copper Silver Gold
o, (107 s 13.4 14.0 13.8
L (107"%s) 6.9 31 9.3
ve (10° cm/s) 1.57 1.39 1.39
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Figure 1.2 Surface plasmon waves at a metal/dielectric interface. The arrows show the
electric field lines at the interface. The magnetic field is along y direction. Reproduced

with permission from citation 21 Copyright 2006 Annual Reviews.



By satisfying Maxwell’s equations with the boundary conditions, the wavevector
of the surface plasmon polariton (kspw) can be related to the wavevector of the radiation
(k) and the dielectric constants of dielectric material (¢4) and metal film (g,) as the
following:

kSPW =k

Eq. 1.6

From the equation above, the generation of surface plasmon polaritons requires a
negative dielectric constant for the metal and |e,|> 4. Metals with a negative dielectric
constant include silver, gold, copper and aluminium and of which silver and gold are
more commonly used. Silver is used as it provides a sharp SPR resonance peak while
gold is used due to its stability.

There are two types of surface plasmon polariton: propagating and localized
surface plasmon polariton. The generation of a propagating surface plasmon polariton on
the planar surface is discussed in section 1.4 while the generation of a localized surface
plasmon polariton is discussed in section 1.5. The properties related to surface plasmon

polariton are discussed further in section 1.6 and section 1.7.2.

1.4 Excitation of surface plasmons

The optical excitation of SPs requires matching of the energy and the momentum
of the photons to that of plasmons. From equation 1.6, the wavevector of the radiation is
always smaller than the wavevector of the SPs at the interface of the metal and the
dielectric. This means that we cannot excite SPs by imposing the visible light on a

smooth planar surface,’” but a momentum enhancing configuration is required. Figure 1.3

8



shows the dispersion of surface plasmon polaritons on a planar metal surface at the air
interface. The photon line is to the left of the SP dispersion curve at all frequencies and
this implies the inability of light to excite SPs at planar metal surface via direct
illumination.

There are two other conditions that must be met simultaneously to excite SPs on
the planar metal surface besides the metal must have negative value of dielectric constant.
First, the incident light must have nonzero z-component wavevectors. Since P-polarized
light has the electric field in the plane of incidence and a wavevector normal to the
surface, it can excite surface plasmon on the planar surface. Secondly, the momentum of
the incident photons has to be increased by a certain surface modification or a certain
optical setup. For example, coupling the photons through a higher refractive index
medium can increase the momentum of the photons. The wavevector of the light can be
increased by a factor of n when the light passes through a medium that has a refractive
index value of n. Figure 1.4 shows the early demonstration of prism coupling reported as
Otto geometry®® and Kretschmann-Raether geometry (or Kretschmann geometry).’* In
Kretschmann geometry, a glass slide coated with a thin gold film is brought into contact
with a high refractive index prism. The surface plasmon polaritons are generated when
the light is illuminated on the gold film through the prism at an angle higher than the
critical angle for the total internal reflection. Due to the simplicity of Kretschmann
configuration, SPR instrumentation using Kretschmann geometry was developed into

commercial products such as BIAcore™ and SPReeta.*
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Figure 1.3 The dispersion of surface plasmons at the metal-air interface. Re-drawn from

the diagram in reference 1.
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Figure 1.4 (a) Kretschmann and (b) Otto configuration of an attenuated total reflection

setup for coupling surface plasmons. (Redrawn from reference 33 and 34).
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1.5 Localized surface plasmon resonance

Another method to excite the surface plasmons optically is to use objects which
have physical dimensions less than the wavelength of the light such as metallic
nanoparticles, nanoscaled island array, and the metallic nanostructures. The evanescent
field generated from this method is known as localized surface plasmon resonance
(LSPR). The nanoscaled features alter the momentum conservation condition and
removes the kinematic constraints imposed on the excitation of surface plasmons on the
planar surface. A nanoscaled object such as a metallic nanoparticle can produce localized
surface plasmons after being illuminated with light. Once the metallic nanoparticle is
irradiated by light, the oscillating electric field causes the conduction electrons to
oscillate coherently. This is schematically depicted in Figure 1.5. When the electron
cloud is displaced relative to the nuclei, a restoring force arises from Coulomb attraction
between electrons and nuclei that results in oscillation of the electron cloud relative to the
nuclear framework.

Nanoparticles exhibit unique optical properties. Small colloidal particles of some
metals, such as gold, show varied colors in absorption or scattering within visible
wavelength range. When the nanoparticles coalesce to form a particle pair, cluster, one-
dimensional array or two dimensional array, two remarkable optical phenomenon are
observed: (1) an enhanced light scattering and absorption which is sensitive to the
external refractive index and (2) a large local electromagnetic field enhancement. The
enhanced light scattering or absorption can be exploited to develop chemical and

biological sensor in fluorescence, Raman, or IR spectroscopy.

12
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Figure 1.5 The localized surface plasmon. Reproduced with permission from citation 21

Copyright 2007 Annual Reviews.
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1.6 Surface plasmon resonance spectroscopy

In principle, surface plasmon resonance spectroscopy (SPR) is like a thin-film
refractometer which measures the changes in the refractive index occurring at a metal-
dielectric interface. Since the introduction of the BIAcore® SPR instrument,35 SPR has
been generally accepted as an effective way to characterize the ultra-thin organic,
biopolymer, or biomolecular films. Due to its capabilities in label-free, real time, and
ultra-sensitive measurements, biochemists have relied on this technique to characterize
biological surfaces and to monitoring the binding interactions between bio-molecules
such as antibody-antigen binding,’”® DNA hybridization, **' and protein-DNA

42-45

interactions to name a few. Many analytical chemists attempt to develop so-called

hyphenated analytical methods where SPR is integrated with other techniques such as

46-48 49,50

electrochemistry, electrochemical quartz crystal microgravimetry, and mass

>3 to increase the specificity of the SPR method.

spectrometry

The most common setup of SPR consists of the prism coupling in the
Kretschmann configuration shown in Figure 1.6. Within this experimental setup, there are
three distinctive layers. First is the glass prism layer which has the highest refractive
index and is used to couple the photons with surface plasmons. Another layer is a thin
metal layer (~50 nm thick) deposited in contact with a glass prism. Gold is the most used

metal due to its stability although silver gives the best SPR resolution. The third layer is

the dielectric layer or sensing layer where SPR is used to probe the changes of refractive

14
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Figure 1.6 Excitation of surface plasmon using the Kretschmann geometry.
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index during the experiment. As the light is reflected at the metal-prism interface, the
surface plasmons on the gold surfaces were excited, producing the evanescent waves
outward to the dielectric layer. During the experiment, the intensity of the reflected light
is recorded and is normalized with the intensity of incident light to yield the reflectance

or % reflectivity.

1.6.1 Attenuated total reflection and reflectance

As mentioned earlier, the attenuated total reflection (ATR) method with a prism
coupler is widely used as an optical method for SP excitation because it is simple and it
can enhance the momentum of the incident light by a factor equal to the reflective index
of the prism.54’61 SPR requirements are fulfilled by using Kretschmann geometry shown
in Figure 1.6. To achieve total internal reflection, it is required that light is incident at an
incident angle (8) greater than the critical angle (6.). This critical angle can be calculated

from the equation shown below.

Eq. 1.7

where n, and n,, are the refractive index of the prism and metal respectively and n;, > ny,.
As the light is reflected from the metal surface, the surface plasmons are excited

and collectively oscillate along the metal surface, producing evanescent wave or

evanescent field. From the solution of Maxwell’s equations, the amplitude of evanescent

field (E) does not fall abruptly to zero at the metal-dielectric interface. Instead, the

16



evanescent wave produced has amplitude decayed exponentially away from the interface.

A A —z/d
E(z)=Eocos(e " ") Eq. 1.8
A
d =
p 2
n Eq. 1.9
27 |sin? @ —| —m

n,

where E, is the amplitude of the evanescent field at the interface, z is the distance
perpendicular to the surface, d, is the skin or penetration depth for the electric flux
density to decrease by a factor of ¢! =1/2.7 ~ 1/3 from Eo, A is the wavelength of the
incident light, and 6 is the angle of the incidence in the prism.

In SPR, the intensity of the reflected light is measured as a function of the
incident angle. A typical reflectance curve plots the reflectance against the incident angle
shown in Figure 1.7. A sharp minimum in the reflectance (or ATR dip) is observed at a
particular incident angle as a result of the maximal coupling of the incident light into SPs.
This phenomenon is strongly dependent on the refractive indices of all boundary media,
including the gold film, the bulk solution close to the gold surface, and the additional
layers such as adsorbed molecules on the gold surface. The resonance angle, 65, can be

determined by the following equation:

gmgd
. 1.10
gp (gm + gd) Eq

_qin!
6, =sin

where €, €4, and g, are dielectric constant of metal film, dielectric layer, and prism

respectively. Most SPR experiments except the electrochemical SPR have a constant

17
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Figure 1.7 The reflectance curve of SPR measurements. Left insert shows the

measurement of change in % reflectivity (A%R). Right insert shows the measurement of

shift in SPR angle (A8).%
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value of 0, and 0, The resonance angle shifts according to the changes in the optical
properties of the dielectric layer during the course of the molecular interactions.

The reflectance of the incident light at a given incident angle can be calculated
using a three-layer Fresnel equation62 where three media, p, m, and s are denoted as prism,
metal, and sensing layer respectively. The reflectance R of the incident light varies as a
function of the dielectric constant of the three layers, the incident angle, and the

wavelength of the incident light. It can be expressed as the following:

Tpm+TmdeXxp (2ikmzd) 2

= - Eq. 1.11
1+7rpmTmaeXxp (2ikmzd)
KpzEm—KmzE
Tym = oL Eq. .12
kmz€qd—KszE
Vg = —2-d—szom Eq. 1.13
kmz€atKsze€m
w2 1/2
— 2 R
ki, = (ejc—z — kx) forj=pm,d Eq. 1.14
ky = .[€,~sind

where ¢; and k. are the dielectric constant and the wave-vector component perpendicular
to the interface in the respective medium ; (prism, metal or dielectric), k. is the
component of the incident wave vector parallel to the interface, w is the angular
frequency of the incident light (w(1) = 27c/A), d is the thickness of the metallic film, and ¢
is the velocity of light. This mathematical model can be used to determine the thickness

or the amount of any bound material based on the changes in reflectance from the

19



dielectric constants of the three layers, the incident angle, and the frequency of the

excitation light.

1.6.2 Three modes of SPR measurements

SPR measurements can be conducted in one of the three modes (a) SPR angle
shift,”® (b) SPR imaging,®’* and (c) SPR wavelength shift.”””"" The SRP angle shift is
the most widely used technique for an SPR experiment. The reflectivity of
monochromatic incident light on a metal is monitored as a function of the incident angle
or the reflected angle. In this technique, the entire reflectance curve at each temporal
point is measured and the computing algorithm is used to calculate the resonance angle at
the inflection point of ATR dip. It has been used as a commercial SPR product such as
BIAcore™ and SPReeta.’® Another commonly used technique is the SPR imaging or SPR
microscopy. Unlike the SPR angle shift technique, SPR imaging measures the reflectivity
at a fixed angle close to the SPR angle, which is obtained from the initial reflectivity
curve. As long as the shifts are not too drastic SPR imaging is very effective in
monitoring tens, hundreds, or more interactions in a parallel manner. Another alternative
method for performing SPR experiment is to measure the reflectivity as a function of
wavelength at a fixed incident angle. It has been demonstrated that a Fourier transform
spectrometer can be used to perform SPR wavelength shift measurements in the near IR

region from 12000 to 6000 cm™ wavnumbers.”
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1.6.3 SPR based affinity biosensors

. . 9-81
Among several experimentally proven concepts of biosensors,’

the affinity
biosensor using SPR is the first commercialized sensor instrument and system.*” The SPR
affinity biosensors utilize the immobilized biorecognition elements on the gold surface to
selectively bind with target molecules in a liquid analyte.**® When the target molecules
captured by the biorecognition elements, the SPR angle shifts due to an increase in the
refractive index of the sensing surface. The change in the refractive index varies with the
concentration and the dielectric constant of the target molecules. Table 1.2 shows the
examples of applications of SPR in biomedical sciences.

The shifts in SPR angle is sometimes reported as resonance unit (RU) which is
0.0001 degree. A response of 1000 RU corresponds to an approximately 1 ng/mm? of the
proteins binding to the sensing layer® but this reported sensitivity varies with different
instruments used, the dielectric constant of the metal layer, and the type of proteins used
in the experiment. With current technology, SPR response can be measured at less than a
second per data point. This allows SPR technique to monitor a faster binding kinetic. For

example, Zizlsperger & Knoll*

used SPR microscopy combined with an image analysis
software to measure the binding of streptavidin to the surface-immobilized biotinylated
alkanethiols. The time resolution depends on the transfer time of the camera and
framegrabber card used in the experiment; resolutions from ~600 to 1000 ms have been

reported.®® However, the SPR has limited the applications for detecting the analyte

containing 1-10 nM of 20 kDa target protein.”’
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1.6.4 Electrochemical SPR
In section 1.6.1, we learned that the resonance angle varies with the complex dielectric
constant of the metal film as well as the dielectric properties of the media adjacent to the
metal surface. In the electrochemical SPR experiment, the thin gold film serves two
functions. One function is for supporting the propagation of the surface plasmons while
the other is for conducting electricity as an electrode. Using the SPR to study the effects
of the electric potential on the composition of the Helmholtz double layer, the electron
density of the metal surface, and faradaic processes on the metal surface has been
discussed in the literature.'®" "

Electrochemical SPR has been exploited to gain further understanding of the
electrochemical processes on the electrode surface.''' Chao, et al.''? used SPR and

113
1.

ellipsometry to study the electrochemistry of gold in sulfuric acid. Kotz, et al.” ~ used the

Kretschmann configuration to investigate the effects of the electrode potential in the
double layer region on the surface plasmon resonance frequency for gold and silver

electrodes in perchlorate solution. EC-SPR has been used to study electrode reactions at

114-116 117,118

gold surfaces and to study the conductive polymers and adsorption of alkane

thiol monolayers'' at electrode surfaces. Schuessler, et al. suggested that measuring the
SPR signals with a potential perturbation shows good spatial and temporal resolution in

120,121

various bioscience applications such that SPR is capable of detecting changes in the

bulk conformational states and the respective dielectric constants.
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Table 1.2 Examples of applications of SPR in biomedical sciences

Applications References
Nuclear receptor-DNA interaction 88
Immunoreactivity of antibody conjugates 89
Peptide-antibody interactions 90
Enzymatic turnover 91
DNA hybridization 39-41
Detection of polymerase chain reaction products 92
Characterization of proteins by epitope mapping with monoclonal

antibody 93
Quantitative immunoassays 94-96
Quantitative receptor assays 97
Drug absorption extrapolation 98
Drug-protein interactions 99
Analysis of structure-function relationship f proteins and ligands 101
Analysis of antibody-antigen interactions 102-103
Quantitative structure-activity relationship 104
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1.7 Surface enhanced Raman spectroscopy
After the first observation of surface enhanced Raman spectroscopy'>> (SERS) in

123124 motivated in part by

1974, SERS has recently been the subject of renewed interest,
the ultra sensitivity in detecting single molecules.'*"'** Each year the number of SERS
publications increase as the nanoscaled material fabrication technique advances and the
importance of the trace analysis increases. There are excellent reviews of SERS.'?'%* A
recent Faraday Discussion on SERS'® is reflective of the breadth of modern SERS

research. One must understand the principles of the Raman spectroscopy before the

comprehension of SERS principles.

1.7.1 Raman spectroscopy
Since its discovery in 1928 by Sir. C. V. Raman,'*’ Raman spectroscopy has been

a very powerful characterization tool in a variety of fields such as materials science,
biology, chemistry, physics and forensic science.'*'"** The Raman effect results from the
interaction of vibrational motions of molecules with an electromagnetic wave, providing
unique spectral fingerprint of vibrations in the molecules. When a sample is irradiated
with an intense beam of light, two types of scattering are observed: (a) Rayleigh
scattering and (b) Raman scattering. Rayleigh scattering is intense and has the same
frequency as the incident beam, whereas Raman scattering is very weak and has the
frequency shifted from the incident frequency. Raman scattering can be explained by
using the classical theory for the interaction of the molecule with electromagnetic
radiation** or by the quantum theory which relates scattering frequencies and intensities

to the vibrational and the electronic energy states of the molecule.'*’
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In the classical theory, the interaction of the molecule with electromagnetic
radiation gives rise to infrared absorption and Raman scattering.'*® The interpretation of
the optical response mentioned can be explained by using the basic models of the rigid
rotator and harmonic oscillator in Herzberg’s book (Chapter III, p. 66)."’
Electromagnetic radiation with an oscillating electric field can induce a change in the
dipole moment of the molecule. The induced polarization p is proportional to the strength

of the electric field, E as given in the equation

u=akE Eq. 1.16

where the proportionality, o, corresponds to the polarizability of the molecule. The
polarizability reflects the ease to distort the electron cloud of a molecule susceptible to an
electromagnetic radiation. The electromagnetic radiation can be simply described by the

following equation

E = E, cos(2mv,t) Eq. 1.17
where Ej is the electric field strength and v, is the radiation frequency. Molecular

vibrations compose of normal modes, Q; expressed as

Q; = Qjocos (2mv;t) Eq. 1.18
where Qjo 1s normal coordinate amplitude and v; is the angular frequency of molecular

vibrational mode j. During the molecular vibration, the polarizability varies with the
conformation if the molecule and the amplitude of the polarizability can be summed with

all the possible vibration modes as

Ja
a=a+—]- T il Eq. 1.19
When a molecule interacts with the electromagnetic field of the radiation, equation 1.16

becomes
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U = aE = aEycos (2rtv;t) Eq. 1.20
Substituting equation 1.18 and 1.19 into 1.20 yields

da
U= ayEycos (w;t) + w] + Ey cos(2m,t) Qjocos (2mv;t) + -+
J

Eq. 1.21
Using the trigonometric identity,

N =

cosA - cosB = =[cos(A + B) + cos(A — B)] Eq. 1.22

the induced dipole expression is derived as

1]o
U= ayEy cos(2mv;t) + > [a_g]] - Eo Qjocos 2n(vl + vj) t+

1| 0a
5 (')_Q]] *EgQjocos 2m(v; — v)t + - Eq. 1.23

The first term in the equation 1.23 will account for the Rayleigh scattering. The second
and third terms in the equation 1.23 consist of a frequency shift due to the molecular
vibration and they are called anti-Stokes scattering and Stokes scattering respectively.
The quantum theory of Raman spectroscopy is depicted by Figure 1.8. When a
molecule in a low quantized energy state absorbs the energy from the radiation and is
excited to a higher quantized state, the excited molecule decays back to an alternate lower
state by re-emitting the light having a frequency different from the incident light. If the
re-emitted frequency is lower than the radiation frequency, this refers to Stokes scattering
shown in Figure 1.8(a) and vice versa for anti-Stokes scattering in Figure 1.8(b). Since

most of the molecules under standard conditions are in the lowest-lying quantized energy
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Figure 1.8 Quantum theory for (a) the Stokes and (b) anti-Stokes scattering. The arrow
lines indicate the electron transition. (¢) Raman spectra of CCls showing Rayleigh, Stokes
and anti-Stokes scattering.'*®
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state, the Stokes scattering occurs more frequently than the anti-Stokes scattering. As a
result, the intensity of Stokes signals is always higher than the anti-Stokes scattering,
illustrated by the Raman spectra of CCly in Figure 1.8(c). The Stokes signals are most
often used for measuring Raman shift and it has a unit of cm™. The Stokes intensity for a
particular mode is proportional to the fourth order of radiation frequency'’ and is a

function of polarizability shown as equation 1.24.

2
da
4
Istores ~ (V1 — vj) [an -1y Eq. 1.24

The equation shows that higher Raman signal can be produced from higher radiation
frequency and larger change in the polarizability.

The polarizability of the molecule depends on the vibration mode of different
molecular bonds and the surface plasmon assisted enhancement. The Raman signals from
a highly polar moiety, such as the O-H bonds in water, are usually weak. An external
electric field cannot induce a large change in the polarizability of the O-H bond.
Therefore, Raman spectroscopy is insensitive to water, herein makes Raman
spectroscopy or SERS an excellent fingerprinting technique for the unknown in an
aqueous solution. Strong Raman scattering is often observed from the moieties with
distributed electron clouds, such as carbon-carbon double bonds due to the fact that the
pi-electron cloud of the double bond can be easily distorted through bending or stretching

mode by the electric field of radiation.
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1.7.2 Surface enhanced Raman spectroscopy

Surface enhanced Raman spectroscopy was first observed by Fleishmann and
coworkers'** in 1974 when they found Raman spectra for pyridine adsorbed on a
roughened silver electrode has an intensity a million fold more intense than the normal
Raman counterpart. At first the observed SERS signal was attributed to the increase in
surface area when the silver electrode was roughened.'** However, two research groups,
Jeanmarie and Van Duyne139 and Albrecht and Creighton,140 recognized that the electrode
roughening process could increase the signal only up to one magnitude higher. They
postulated that the origins of the enhancement related to the strength of the local
electromagnetic field."”” It is now generally accepted that the enhancement of Raman
spectra on a roughened silver surface comes from two major contributions: an

125

electromagnetic (EM) enhancement ~ and a chemical enhancement (or more precisely

charge transfer enhancement).'"'

The electromagnetic enhancement arises from the
localized surface plasmons (discussed in section 1.5) while the chemical enhancement
arises from chemisorption of the adsorbate on the metal surface. The electromagnetic
enhancement accounts for 10°-10° of enhancement and the chemical enhancement only
accounts for 10° of enhancement.'**

The basis of EM enhancement is the capacity of metallic nanoparticles or nano-
size structured metallic substrates to support the localized surface plasmons with resonant

143-145
When a small

frequencies in the visible region of the electromagnetic spectrum.
spherical metallic nanoparticle is irradiated with a light, the oscillating electric field

causes the conduction electrons to oscillate coherently. This is schematically pictured in

Figure 1.5. When the electron cloud is displaced relative to the nuclei, a restoring force
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arises from Coulomb attraction between electrons and nuclei that results in oscillation of
the electron cloud relative to the nuclear framework. The oscillation frequency is
determined by four factors: the density of electrons, the effective electron mass, and the
shape and size of the charge distribution. The collective oscillation of the electrons is
called the localized surface plasmon resonance to distinguish from propagating surface
plasmon on the planar metal surface. These localized surface plasmons enhance the
native Raman signal by producing an increased electric field in the vicinity of the target
molecules.'**'*

The nature of the metal surface plays an important role in the surface
enhancement. The surface morphology and the shape of the roughness features at the
metal surface can interact with photons and “store the electromagnetic energy into the
surface plasmons”.'* Noble metal particles in the 10-200 nm size range tend to generate
LSPR which results in amplification of the electric field E near the particle surfaces such
that the |E|* can be 10°-10* times greater in intensity than the incident field.'**

Over the years, several different techniques have been developed to fabricate noble
metal SERS substrates. The substrates involved with the easiest and most accessible

fabrication techniques are nanoparticles with different shapes, metal colloidal films,'*'*°

151,152

and electrochemically roughened silver electrodes, . However, limitations in these

techniques include the complexity of these irregular surfaces, the variation from one
experiment to another, and the heterogeneity of the surface, which escalate the task in
elucidating details in the mechanisms of SERS. Recent literature has reported the

possibility in preparing the metal particles with tunable shapes and sizes using chemical

153-155 156,157

. . . . . 158
reactions in solution wet chemistry such as rods, cubes, triangles,

30



nanorings,'”’ nanoshells,'® and disks.'®" Another method to prepare more uniform and
controllable SERS substrates is the metal film over nanospheres (FONS) and nanosphere

lithography.'®*

However, the best way to fabricate SERS substrate is using
microfabrication techniques such as electron beam lithography (EBL) with reactive ion
etching, which allow for the precise control of the periodic structure, shape, and

163-165 Byt one disadvantage of EBL technique is associated with high preparation

spacing.
cost and scale-up issues.

Progressing with the development of the plasmonic nanostructures, systematic
investigations on the role of localized plasmon resonances in the magnitude of the EM
enhancement have been repor‘[ed.w”167 As mentioned earlier, the evanescent wave near
the metal surface contributes to the significantly enhanced near field intensity compared
to the incident light. If Ey denotes an incident plane wave, the local field (Er) in the
vicinity of a metal surface can be modeled as E;=g E,. If the incident light has
wavelength close to an LSP resonance, the amplitude enhancement factor, g, can be
considerably greater than unity in certain regions of a SERS substrate. It varies with the
frequency-dependent dielectric constant of the nanoparticle, the dielectric constant of the
medium, and the excitation frequencies.'®® For a single silver nanoparticle, the value of g
has been calculated'®® to be on the order of 10-100 without considering the enhancement
effect from particle aggregation.

Since evanescent fields decay exponentially away from the surface, Whitney, et
al.'® and Carron, et al.'® conducted separate experiments to probe the distance

dependence of SERS. Figure 1.9 shows the SERS spectra of pyridine spaced from the

metal surface by alumina layers of variable thickness. The spectrum is most enhanced
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when the particle is directly adsorbed to the metal surface. As the thickness of the
alumina spacer increases, the intensity of the SERS spectra decreases and the intensity
169,170

can be modeled by the equation shown below.

-10

I = 1+1

4 Eq. 1.25

where [ is the Raman intensity, « is the size of the enhancing nanoparticle feature, and r
is the distance from the surface to the adsorbate. The best fit line to equation 1.25 is

shown in Figure 1.9 and yields a value of @ = 12.0 nm.

1.8 Conclusions

This chapter has attempted to elaborate the basic principles of the surface plasmon
resonance and to discuss the sensing applications of SPR particularly in surface plasmon
resonance spectroscopy and in surface enhanced Raman spectroscopy. Surface plasmon
resonance occurs when the light is reflected on the metal surface under the total
reflectance geometry. The electrons on the metal surface interact with the incident
photons, creating an electromagnetic field normal to the surface or an evanescent wave at
the interface between the dielectric and the metal. The evanescence wave can be either
propagating or localized on the metal surface depending on the size of the metal surface.
Both types of the evanescent wave contributing different ways of signal transduction for

the sensing applications.
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Figure 1.9 Distance dependence of SERS. Plot of normalized surface-enhanced Raman
scattering (SERS) intensity as a function of alumina thickness for the 1594 cm™ band of
pyridine. Insert is SERS spectra from which the normalized SERS intensity is calculated.
Reproduced with permission from citation 170 Copyright 1999 American Chemical

Society.
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Surface plasmon resonance spectroscopy is based on a sharp decrease in the
reflected light intensity at the resonance conditions. From the mathematical model, SPR
angle varies with the radiation frequency and the dielectric constants of the prism, the
metal, and the dielectric layer. Since the dielectric constant of the prism and the metal
remain constant in a typical SPR experiment, the shift in SPR angle corresponds to the
change in the dielectric constant of the dielectric at the metal-dielectric interface. Due to
this unique property, SPR has been used to characterize the formation of thin films, to
evaluate the biocompatibility of the biomaterials, to study the biomolecular interactions,
and to carry out chemical sensing. A variety of electrochemical processes have been
studied wusing the electrochemical SPR to gain further understanding on the
electrochemical processes at the electrode surface. They provide invaluable information
for analyzing the data in this dissertation.

Surface enhanced Raman spectroscopy is based on the localized enhanced
electromagnetic field produced from the evanescent wave on the metallic nanostructures
or metallic nano-objects. Raman effects are the inelastic scattering of the light by a
molecule, observed as Stokes scattering and anti-Stokes scattering. The Stokes signals are
most often used for measuring the Raman shift because they have higher intensity than
the anti-Stokes scattering. SERS uses the nanoscaled metallic surface to create a localized
surface plasmon wave, which is responsible for the enhancement in Raman signal. The
enhancement factor can be sixth order of magnitude higher than the normal Raman. Since
the Raman spectra can provide the fingerprint of the molecule, SERS is ultra sensitive for

chemical sensing.
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CHAPTER 2
SIMULTANEOUS SENSING OF TRACE SELENITE IONS AND TELLURITE
IONS BY ELECTROCHEMICAL-SURFACE PLASMON RESONANCE

TECHNIQUE

2.1 Introduction

Surface plasmon resonance spectroscopy (SPR) is a well-known method for
monitoring binding events occurring at a solid-liquid interface in the field of
biochemistry, material science, and electrochemistry. The basis of SPR is the sensitivity
of the evanescent field to the dielectric constant of the sensing layer which is just few
hundred nanometers above the metal surface. SPR is initiated from the optical excitation
of the surface plasmons at a metal-prism interface and the resulting collective oscillation
of electric charges propagates along the metal-prism and metal-dielectric interfaces.

One SPR measuring technique is the incident angle modulation, which uses a
monochromic excitation light to excite the surface plasmons on the planar metal surface
and measures the reflectivity of the light (defined as the intensity of reflected light over
the intensity of incident light) as a function of incident angle. As the incident angle
approaches the resonance angle, the intensity of the reflected light sharply decreases and
reaches a minimum at the resonance angle. This optical phenomenon is due to the energy
transfer from the coupled photons to the electrons at the resonance condition. The

resonance angle, O, can be modeled by the following equation:
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gm gd

0 =sin""
spr Eq. 2.1
gp (gm + gd) 4

where em, €4, and ¢, are dielectric constant of metal film, dielectric layer, and prism
respectively. In a typical experiment, the resonance angle shifts according to the change
in the dielectric constant of the dielectric layer. Therefore, SPR has been widely used for
the characterization of thin films, the analysis of biomolecular interactions, the study of
the self-assembly of the thiol molecules on metal surface, and the studies of the
conformational change of the protein molecules.

Due to its great surface sensitivity, an electrochemist would expect that SPR
could provide details related to the interfacial events occurring at the electrode surface
beyond the typical the current-potential relationship. In the electrochemical SPR (EC-
SPR) the thin gold film on the glass slide provides the support of the surface plasmons
and also provides the electric conductive media as a function of a working electrode.
Electrochemistry typically involves two types of processes: the adsorptions (non-faraday
process) and faraday process. Both processes can change the dielectric constant of the
dielectric layer. Therefore, SPR is very suitable for the study of different electrochemical
processes. These include the determination of the electric field profile within the

3 studies of the

multilayer films of zirconium phosphonate,' detecting trace metals,”
diffusion and adsorption processes on electrode surface,”® determination of the surface
coverage of hydrated proteins at a fixed potential,’ study of the electrochemical
doping/dedoping process® and developing an electrochemical SPR sensor.”"

11-12

Selenium is an important element in biological and environmental systems.

Selenium can exist in several oxidation states (—II, 0, +IV, +VI). The bioavailability and
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toxicity of selenium depends on its chemical form. Both selenate (Se®") and selenite (Se*™

are water-soluble inorganic species which are present in natural waters. Selenite ion is
approximately 10-fold more toxic than selenate ion."” The most bioavailable form of
selenium is organic selenium as selenide (Se’"). Since selenium is an essential trace
element for human body, a lack of selenium can lead to several diseases. However,
excess selenium in the body has proven to be fatal. EPA set the drinking standard at a
level of 0.05 ppm (or 0.633 mM) of selenium." The selenium gap between toxic
concentration and concentration as supplement is very small. A sensitive method of
determining selenium can aid to uncover the importance of selenium in health. The
analytical methods for determining traces of selenium in the environmental samples are

15,16

atomic absorption spectrometry (AAS), inductively coupled plasma atomic emission

spectrometry (ICP-AES),"” inductively coupled plasma mass spectrometry (ICP-MS),"
neutron activation analysis," and stripping voltammetry.***

For portable sensors, anodic stripping voltammetry** (ASV) is perhaps the most
promising method for determining the concentration of metal ions. Metal ions are
electrodeposited on the rotating disk electrode followed by stripping of the metal film at a
certain applied potential. The current measured during the stripping process is
proportional to the metal ion concentration in the solution, and the potential, at which the
stripping of the metal film occurs, corresponds to the standard oxidation potential of the
specific metal deposited on the electrode. There are two limitations for ASV. The

presence of background current in ASV measurement makes it difficult to detect the

small stripping current associated with the oxidation of the analyte. The ASV is
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responsive to the oxidation and reduction of the redox-active species such that the
formation of the intermetallic compounds can interfere with stripping peak of the analyte.

It has been reported that SPR can be used to detect metal ions by SPR-ASV, >’
use of functionalized self-assembled monolayer,”** use of immobilized enzyme,™ and

use of polymeric thin film.*'?

In APR-ASYV, it has been shown that SPR is insensitive to
the background current introduced by the dissolved oxygen® and SPR is sensitive to
detect intermetallic compounds.

Herein, we attempt to further extend the scope of the SPR technique to the
analysis of the underpotential growth of selenium and the detection of the selenite
solution. Fundamental study for the characteristics of SPR under a potential modulation
has been designed by choosing a well documented electrochemical system such as gold
oxide formation and stripping in the 1 M HCIO;4 solution. The effects of faradaic and
non-faradaic process on SPR signals will be discussed. The underpotential deposition of
the selenium film on the gold surface is monitored in situ with SPR measurement.
Regarding to the ion sensing, we use EC-SPR to study the constant potential deposition
of the selenium at various selenite concentrations. The anodic stripping of selenium, the
interference effect from tellurite ions in the solution, and implementation of the standard

addition technique for simultaneous sensing of the mixed selenite ions and telluride ions

are explored in our study.
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2.2 Experiemental
2.2.1 Materials

The chemicals were of all analytical reagent grades. SeO, (99.99% purity) and
TeO, (99.99% purity) were obtained from Merck Chemical Company. HCIOs was
obtained from Fisher Scientific. Stock solution of 1 mM senenite was prepared from
SeO; in 0.1M HCIO4 while 1 mM of telluride solution was prepared in 0.1M HClO,. Due
to the low solubility of the TeO, in water, solid TeO, was stirred and heated in a
concentrated solution for 30 minutes before dilution to 1 mM with the deionized water.
All of the aqueous solutions were prepared with deionized water purified by Millipore-Q

(18 mQ).

2.2.2 Electrochemistry

All cyclic voltammetry experiments were performed in homemade single-
compartment glass cells (ca. 25 mL total volume) using a BAS-100 workstation. A
standard three-electrode configuration was used in which the SPReeta sensor surface was
the working electrode, a Pt mesh was the counter electrode, and a silver wire in a 3 M
AgCl solution (Ag/AgCl) was the reference electrode. All potentials are referenced to
Ag/AgCl. The solution was thoroughly degassed with ultrapure Ar and was isolated from
air with a blanket of Ar during experiments. All cyclic voltammetry was conducted with

a scan rate of 10 mV/s.
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2.2.3 Instrumentation

SPReeta sensors developed by Texas Instrument (TI) were used. This SPR system
employs a light emitting diode (840 nm) with a polarizer, reflecting mirror, and 128 pixel
Si-photodiode array. Each detection pixel corresponds to a narrow range of incident angle.
The sensing region is coated with a semitransparent gold film (ca. 50 nm) with a Cr-
adhesion layer (I — 2 nm). A12-bit three-channel electronic control box completes the
interface between the sensor and a PC. Multichannel SPREETA software provided by TI
monitors the changes in RI or resonance angle near the sensing surface calculates the
statistical noise in the signal and displays the results.

The SPReeta evaluation module (SPR-EVM-BT) was purchased from Nomadics
(Stillwater, OK, USA). The major components of the module were a SPReeta sensor,
integrated flow cell, interface controller, and application software. A 12-bit analog-to-
digital converter was utilized to provide a high resolution of 1 x 107" refractive index

units (RIU), which corresponding to 0.001 degree in angle.

2.3 Results and discussion
2.3.1 Study of stripping and formation of the gold oxide

The effects of the non-faradaic and faradaic processes on the bare gold surface of
the SPReeta in 0.1 M HClO, solution was investigated simultaneously by SPR and cyclic
voltammetry. Prior to the cyclic voltammetry measurement, the gold electrode has been
oxidized by applying a potential of 1650 mV for 10 seconds. The voltammetric behavior
of and the SPR responses of the gold electrode immersed in 0.1 M HCIlO4 solution are

shown in Figure 2.1. There are only two characteristic peaks observed in the cyclic
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Figure 2.1 The simultaneous measurement of cyclic voltammetry (solid line) and SPR

(dash line) for a gold electrode in 0.1 M HCIO4. The scan rate is 10 mV/second.
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voltammogram. They are attributed to the reduction and oxidation of the gold
respectively. As the potential decreases from 1650 mV to 950 mV, the shift in SPR angle,
ABspr, remains unchanged due to the well-covered stable gold oxide layer which has a
higher dielectric constant than the supporting electrolyte.”’ At 950 mV, there is a sharp
decrease in ABgpr due to the reduction of the gold oxide. This decrease in ABspr continues
until the potential reaches 700 mV. At this point, the decrease in ABspr has a linear trend,
which can be attributed to the depleting of the charging from double layer. The rate of the
decrease in ABgspr slows down at the applied potential of 365 mV as it approaches to the
potential of zero charge (pzc).

It is apparent from Figure 2.1 that the SPR response in the forward and the reverse
scan has two distinct regimes. The pzc for gold in the 0.1M HCIO,4 has been reported as
365 mV (vs Ag/AgCl).*>* During the reverse potential scan from 0 mV to 1000 mV, the
first regime for the SPR signals was observed when the applied potentials are deviates
away from the pzc of the gold. The increase in ABspr was attributed to the double layer
charging. This observation is similar to the results of reflectance measurement by and
Kolb, et al.>’** and Ernst, et al.*’ The second regime was observed at potential more
positive than 1000 mV when the ABgspr increases dramatically due to the formation of the
gold oxide.

An explanation for the first regime has been made by Kolb, et al.*’ to address the
electroreflectance effect*'* in which the dielectric constants of the electrode are altered
by the changes in the free-electron concentration at the surface of the gold electrode. The

SPR signal is affected by the dielectric constant of the metal and the adjacent dielectric
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layer. The dielectric constant of the metal surface layer, &ns, under the applied potential

can be represented as the following:

where €m0 and Agps are the dielectric constant of the metal surface layer without and
with applied potential respectively. The magnitude of the change in ens can be estimated

using the Drude equation for a free electron gas***

Ags = (g, — 1) (AWN) Eq.2.3

as the following:

where &, is dielectric constant of bulk metal, N is the bulk free electron density and AN
the change in free electron density in the surface layer. Finally the ratio AN/N can be

related to the charge on the electrode surface® by

(AWN) - (%) (E - Epzc) Eq.2.4

where Cpy is the double layer capacitance, e the charge on the electron, d the layer
thickness (also called the Thomas-Fermi screening length; assumed to be 0.6 A) and E,,.
the potential of zero charge. From the model and experimental results, as the potential
changes from E,,., the change in the electron density increases and the shift in SPR angle
increases. This explains the observed increase in ABspr in the potential range from 365
mV to 1060 mV. In addition, the accumulation of ion species on the metal surface or
double layer charging effect accounts for such change in ABgpg.

As the potential increases to 1060 mV, a larger increase in the shift of SPR angle
is observed. This is attributed to the gold oxide formation. Evidences of the gold oxide

formation has been studied using electrochemical EQCM** and infrared
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spectroscopy.’®™® Gold oxide formation under potential sweep consists of two steps.”
The first step is the conversion of adsorbed water on the Au surface to an adsorbed

hydroxyl radical according to the following equation,
Au-(H,0),4s > Au-OH+H" +¢ Eq. 2.5

and the second step, the formation of Au oxide and the adsorption of water on gold oxide,

occurs concurrently.

Au-OH > Au=O+H" +¢ Eq.2.6

Au=0 + H,O 2 0=Au-(H,0)44s Eq.2.7

The shift in SPR angle increases steadily as the gold oxide forms.

The hysteresis of SPR signals was observed in the first regime. It is also apparent
in Figure 2.1 that the hysteresis is more distinctive at the anodic potential than at the
cathodic potential to the E,,.. The observed hysteresis behavior cannon be explained by
the changes in the electronic density of the metal alone but this phenomenon may be due

to the slower kinetics in the reduction of the gold oxide.

2.3.2 Study of selenium underpotential deposition

Shannon et al’' has investigated the voltammetric behavior of a Au (111) electrode
immersed in 1 mM SeO, and a 0.1M of HCIO,4 supporting electrolyte. It has been
reported that there are three cathodic surface-limited peaks C1, C2, and C3. The peak C1
and C2 attribute to the reduction of an adsorbed selenate species to selenite while the
peak C3 attributes to the selenium underpotential deposition associated with the four-

electron reduction of adsorbed selenite to selenium.
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Figure 2.2 shows the polycrystalline gold surface such as the SPR electrode has a
similar behavior to the Au (111) for the selenium underpotential deposition. Three
reduction peaks C1, C2, and C3 were observed in the EC-SPR. The system shows good
stability and reproducibility in the optical responses. The changes in SPR angle
associated with the deposition and the removal of the Se UPD layer are reversible. For
the cathodic scan from 900 mV to 0 mV, the shift of the SPR angle, ABgpg, initially
decreases due to the decreasing double layer charging effects, mentioned in the earlier
discussion. At potential around 400 mV, we observed a current peak yet there was no
shift in SPR angle. The SPR signal for the electrochemical process occurring at Cl
reduction peak was overwhelmed by the dominating effect from the charging in double
layer. At the potential of 300 mV, C2 current peak was observed aligned with the
increase in ABspr. This observation can be attributed to the adsorption and the conversion

of the selenic acid to the seleneous acid shown as:
H,SeO4(ads) + 2H' + 2¢” > H,SeOs(ads) + H,O  Eq.2.8

As the potential reaches 250 mV, we observed the Se UPD current peak and AOspr
increases monotonically as the surface confined seleneous acid was converted to
elemental selenium, which has higher refractive index than the solution. Finally, at the
bulk deposition potential of 100 mV, we could not observe any further increase in current
or in Afgpr because the deposition in this regime is limited by the transport and the

sluggish four-electron kinetics of converting from selenic acid to element selenium.
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Figure 2.2 The simultaneous measurement of cyclic voltammetry (dash line) and SPR

(solid line) for a gold electrode in I mM SeOs>". The scan rate is 10 mV/second.
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2.3.3 EC-SPR for selenite detection using constant potential deposition method

Fick’s law of diffusion states that the diffusion flux at steady state is proportional
to the diffusion coefficient and the concentration gradient. After perturbing the electrode
with step potentials of 500 mV and 900 mV, the electrode was allowed to replenish the
adsorbed selenous acid at a more negative potential such as 200 mV. The rate of the
replenishment is governed by the concentration gradient of the selenite in the vicinity of
the electrode surface. We relied on the working principle of the diffusion flux using EC-
SPR to detect the concentration of selenite ions in the solution.

Figure 2.3 shows the SPR responses in the 200 uM selenite solution during a
three-step potential program. Initially two potentials, 500 mV and 900 mV, were applied
and the corresponding SPR signal showed a reversible behavior under the step potential
perturbations. When the deposition of the selenium was carried out at 200 mV, the ABspr
increased and reached plateau after 1200 seconds. The earlier work showed when the
selenium was deposited at the bulk deposition potential ABspr continuously increased and
did not reach a plateau. After the deposition stopped, the potential was held at 500 mV
for 100 seconds. The AOgpr remained constant due to the stable film formation. When the
stripping potential of 900 mV was applied, the Ospr decreased sharply and returned to the
same starting resonance angle.

The UPD deposition of selenium at 200 mV was monitored using EC-SPR at
various selenite concentrations ranging from 100 nM to 500 uM. Figure 2.4 shows the
rate of the shift in SPR angle depends on the concentrations of the selenite solution. As
the concentration increases, the flux of selenite ions increases, covering the surface a

faster rate. The curves are characterized by a rapid increase in ABspr followed by a slow
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Figure 2.3 The changes in SPR response for three different potentials in the 200 uM

selenite solution. (A: 900 mV, B: 500 mV, C: 200 mV).
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Figure 2.4 The changes in SPR angle for different SeOs> concentrations at 200 mV.
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approach to steady state. A true saturated response is only observed at the highest
concentration consistent with our assertion that selenite mass transport is the rate
determining step in selenium uptake. At zero concentration, we did not observe any
significant shift in SPR angle.

The detection limit for selenite ions using EC-SPR is found to be 800 nM since
the noise level was measured as 0.006 degree. The dynamic range is three orders of
magnitude. A calibration curve shown in Figure 2.5 was generated from the values of
ABgpr for the various selenite concentrations at 500 seconds of deposition time.

The EC-SPR characterization on the pure selenite solution shows good
reproducibility and good dynamic range; however, this constant potential method suffers
severely from the interference effects of other metal ions. Figure 2.6 shows the
interference effect arises from the presence of the tellurite ions. The telluride ions
complete with selenite ions in mass transport to the electrode surface. With the same
concentration of the selenite concentration, the solution containing tellurite ions had

higher ABgspr than the solution without the tellurite ions.

2.3.4 EC-SPR for selenite detection using electrochemical stripping method

SPR can be used to monitor the electrochemical stripping of the selenium from
the gold surface as seen in Figure 2.3. The shift in SPR angle was later found to be
proportional to the amount of the selenium deposited on the surface. When the deposited
selenium is electrochemically stripped off the gold surface, the SPR signals are
proportional to the amount of selenium deposited. Figure 2.7 shows the SPR response to

a potential sequence for the stripping analysis. Selenium was electrodeposited from a
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solution containing 500 uM of tellurite ions and 500 uM of selenite ions using a potential
of -145 mV for 60 second. A stripping potential of 500 mV was chosen for the stripping
of tellurium while the potential of 700 mV was chosen for the stripping of selenium.
Since the standard reduction potential of tellurium is more negative than that of selenium,
tellurium deposits preferentially and thus more abundantly than the selenium at the same
applied potential. Although the deposition was carried out with equal molar of both ions,
the stripping of tellurium shows greater ABspr than the stripping of selenium due to a
larger amount of tellurium deposited on the electrode.

Figure 2.8 shows the ABgpr from the stripping of (a) the pure tellurium and (b)
pure selenium on the gold surface. The potential sequence for the stripping analysis starts
at 500 mV for 120 seconds followed by a potential at 700 mV for 120 seconds. Figure 2.8
shows that the stripping of selenium and tellurium can be monitored using SPR. The shift
in SPR angle for the tellurium stripping appears to be more dramatic than that for the
selenium stripping. This may be due to the larger amount of the tellurium deposited than
selenium at the same deposition potential.

Simultaneous sensing on a solution containing selenite ions and telluride ions is
investigated. By varying the telluride concentration from 200 uM to 500 uM and keeping
the selenite concentration constant, we observed an increase in ABgspr at 500 mV and a
constant ABspr at 700 mV shown in Figure 2.9. Varying only the concentration of selenite
25 uM to 50 uM results a similar ABgpr at 500 mV and an increase in ABgpr at 700 mV

shown in Figure 2.10.
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Figure 2.8 Effect of stripping potential on (a) selenium electroplated and (b) tellurium
electroplated gold electrode. A potential of 500 mV was applied for 120 seconds before

another potential of 700 mV was applied.
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Figure 2.9 The TeOs” concentration effect on the EC-SPR stripping response. The circles
correspond to the solution containing 200 uM of telluride and 50 uM of selenite. The

squares correspond to the solution containing 500 uM of tellurite and 50 uM of selenite.
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Figure 2.10 The SeOs*concentration effect on the EC-SPR stripping response.
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Due to the fact that the magnitude of ABgspr is proportional to the amount of ion
species at different stripping potential, we implement the standard addition technique for
the stripping analysis with EC-SPR to determine the unknown concentrations of tellurite
ions and selenite ions in a solution. A 25 ml of unknown solution containing an equal
molar of tellurite ions and selenite ions was used in the experiment. An increment of one
milliliter of the standard solution containing equal molar (500 uM) of tellurite ions and
selenite ions was added to the unknown solution and was monitored for the change in
ABgpr at stripping potentials of 500 mV and 700 mV shown in Figure 2.11. The change in
ABgpr for both potentials shows a linear trend which can be extrapolated for the
determination of the x-intercepts. The concentration of the unknown was determined by
multiplying the value of the x-intercept with the concentration of the standard solution
over the initial volume of the unknown solution. The results were tabulated in Table 2.1
for the unknown solution contains equal molar of 50 uM of selenite and tellurite.
Quantitative analysis shows the unknown solution containing 48 uM tellurium ions and
52 uM of selenium ions. The EC-SPR with the standard addition was able to determine

the values close to the true values.
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Table 2.1 The calculated value for the concentration of Teng' and Se032' 1ons in the

unknown analyte. X-intercept was determined from Figure 2.11.

Te | Se

X-intercept (ml) (2.4 2.6
[Unknown] (uM) | 48 | 52
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2.4 Conclusions

Herein, we utilized the sensitivity of the surface plasmon resonance spectroscopy
to probe the electrode-analyte interface in-situ with electrochemical experiments. The
EC-SPR study on the gold oxide formation in 0.1 M HCIO4 shows that the SPR is
sensitive to both faradaic and non-faradaic processes. The change in SPR angle during
the faradaic process attributes to the change in the dielectric constant of the dielectric
layer due to the deposition or stripping of the gold oxide at the gold-dielectric interface.
The change in SPR angle during the nonfaradaic process attributes to the charging of the
double layer which alters the electron density on the gold surface. This effect is more
pronounced at the more positive potential relative to the potential of zero charge than at
the more negative potential. The hysteresis of SPR signal was also observed and was
more distinctive at the more positive potential. Up to now we only can speculate the
sluggish kinetics in stripping of the gold oxide layer for the occurrence of hysteresis in
SPR signal.

To further understand the underpotential deposition of the selenium on the gold
surface, EC-SPR was used to probe the cyclic voltammetry experiment of the 1 mM of
selenite solution in 0.1 M HCIlO4. The SPR was able to monitor the conversion of the
selenate, the Se UPD, and the stripping of selenium film on the gold surface. However,
SPR could not resolve the C1 current peak due to the overwhelming double layer
charging effect. Further study for that process is required.

The EC-SPR was used to probe the mass transport of the selenite ions to the
electrode surface under a constant potential of 200 mV. The SPR is sensitive to detect the

selenium film formation. EC-SPR sensor for pure selenium has a detection limit of 800
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nM. However, the selenium detection using this method was impeded by the severe
interference effect of other ions such as tellurite ions.

The stripping voltammetry in situ with EC-SPR was used to exploit the possibility
of separating the contributions of selenium and tellurium deposition to the SPR signals.
Initial study shows the SPR signal can be monitored at two different potentials 500 mV
and 700 mV which correspond to the stripping potential of tellurium and selenium
respectively. An increase in the change in SPR angle was observed when the
concentration of one component increases. Due to this fact, the standard addition method
was used in conjunction with EC-SPR experiment. This combined method show a

promising result for the simultaneous sensing of tellurite and selenite in the solution.
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CHAPTER 3
STUDY OF PROTEIN-PROTEIN INTERACTION USING

SURFACE PLASMON RESONANCE SPECTROSCOPY

3.1 Introduction

Protein-protein interactions are important for many biological functions and are
one of the main fields in proteomics. Protein-protein interactions play major roles in
mediating signals from the exterior of a cell to the interior (i.e. signal transduction),"” in
programming cell death,’ and in acting as receptors in our immune system.” Scientific
methods of studying protein-protein interactions were reviewed® since they have great
significance in revealing the work of nature and in conducting medical research.

Proteins can exist as multi-subunit proteins® and examples of such proteins are
hemoglobin, tryptophan synthetase, aspartate transcarbamylase, core RNA polymerase,
Qb-replicase, and glycyl-tRNA synthetase. Protein scientists have proposed a few
reasons>® to explain why the living organism prefers to make multi-subunit proteins than
to make a single large protein with multiple active sites. First, it is more efficient to build
proteins from simpler subunits than to require multiple copies of the coding information
to synthesize oligomers. Second, simple subunit proteins require less amino acid in their
protein sequence and thus the translational errors can be minimized. Third, simple
subunits can be synthesized at one locale, diffusing at a faster rate than a large multi-site

protein and assembling to a multi-subunit at another locale. Finally, simple subunits can
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be assembled in different ways to alter the magnitude of catalytic activity or type of
biological responses.

One characteristic of the multi-subunit complexes is the ability to form substrate
channels for the delivery of a reaction intermediate from one enzymatic active site to
another within the enzymatic environment.”” The substrate channeling within the
enzymatic system allows faster transfer of the reaction products from one active site to

10,11

another, prevents decomposition of the intermediates from the extra-enzymatic

environment,'? and segregates the intermediates from other substrates which may

compete for the same enzymatic reactions.'>'*

For example, the alkanesulfonate
monooxygenase system in our study consists of two protein components, the NAD(P)H-
dependent flavin mononucleotide FMN reductase (SsuE) and monooxygenase (SsuD),
which utilize reduced flavin (FMNH;) as a substrate to convert alkanesulfonates to

aldehyde and sulfite ion.'>'°

The overall processes are summarized in scheme 1. Since
the reduced flavin can be rapidly oxidized to generate oxygen radicals as intermediate
products, the transfer of the reduced flavin may be more favorable through substrate
channeling within the enzymatic environment than the free diffusion in the bulk

17-20
solvent.

Previous studies from affinity chromatography, crosslinking experiments,
and the spectroscopic studies showed strong evidence of the formation of a stable

complex between the FMN reductase (SsuE) and monooxygenase (SsuD).”

RCH250;

NADP* FMNH-
Esu%' fsun
NADPH + H"- - FMN o?r RCHO + S0,2°
Hz0
Scheme 1.

79



There are many methods for detection and analysis of protein-protein interactions,
which have been summarized in a review article.” Physical methods such as protein
affinity chromatography, crosslinking, affinity blotting, and immunoprecipitating can be
used for the detection of the protein-protein interaction. However, these methods can not
determine the actual value of binding constant between two proteins. For the
determination of the binding constant, there are two different categories of physical
methods such as surface-based and solution-based methods. The surface based method
tethers one type of protein onto a surface and monitors the binding in real time as another
protein is introduced to the protein modified surface using the microfluidic flow. Unlike
the surface based method, the solution based method determines the binding constant by
titrating a protein against another protein and simultaneously monitoring the change in
fluorescence of the reaction substrate bound between two proteins® (known as
fluorometric titration) or the change in the heat release under isothermal condition®
(known as isothermal titration calorimetry). The binding constants determined by the
surface based methods may not match with those obtained from the solution based
methods due to a variety of potential artifacts.”** For example, the tethered protein on
the surface could restrict the rotational freedom or hinder the folding/unfolding
mechanism, altering the binding thermodynamics and kinetics. The surface based method
also requires that the protein in mobile phase be transported to and from the bound
protein in a rapid and uniform manner, avoiding effects of concentration gradients on the
apparent rate constant.”* Despite these short comings, the application of the surface based
methods such as the protein arrays” are highly sought after since they allow parallel and

high throughput screening of protein based pharmaceuticals.
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The surface based method monitors the binding of two proteins under different
concentrations of the protein analyte by different readout strategies, such as

2627 . .28 o 29 .30
27 piezoelectricity,” chemiluminescence,” electrochemistry,” surface

fluorescence,
enhanced Raman spectroscopy,”’ atomic force microscopy,”> and surface plasmon
resonance spectroscopy.33 There are three main advantages of surface plasmon resonance
over other techniques. First, because the SPR measurements are based on refractive index
changes, detection of protein-protein interaction does not require any fluorescent labels.
Second, the measurements can be performed in real time. Finally, SPR is capable of
detecting analytes over a wide range of molecular weights and binding affinities,”*
Because of its unique features, SPR has become a powerful tool for studying
biomolecular interactions. For example, SPR has been used to investigate the protein—
peptide interactions,” the cellular ligation,”® the protein-DNA interactions,’’”* and the
DNA hybridization.**°

The prior study® provides the evidence of the strong interactions between SsuE
and SsuD using the solution based methods such as protein affinity chromatography,
crosslinking, and fluorometric titration. Herein, the goal of the current study is to evaluate
how closely the results from SPR experiments match with those performed by using the
solution based method. The real-time measurements on the two-component
alkanesulfonate monooxygenase system using SPR are demonstrated. The reported
kinetic model® is used to determine the adsorption rate constants (k,) and desorption rate

constants (kq), which yield the dissociation constant (Kg4). The reported results will be

compared with those in the prior study.?
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3.2 Experimental
3.2.1 Chemicals and proteins

Thioctic acid, butanethiol, 1-ethyl-3-(3-dimethyaminopropyl) carbodiimide
hydrochloride (EDC), ethaneamine were obtained from Aldrich and were used as

received. SsuD and SsuE are prepared as described in the reference 16.

3.2.2 Instrumentation

SPReeta sensors developed by Texas Instrument (TI) were used. This SPR system
employs a light emitting diode (840 nm) with a polarizer, reflecting mirror, and Si-
photodiode array. Each detection pixel corresponds to a narrow range of incident angle.
The sensing region is coated with a semitransparent gold film (ca. 50 nm) with a Cr-
adhesion layer (1 — 2 nm). A 12-bit three-channel electronic control box completes the
interface between the sensor and a PC. Multichannel SPREETA software provided by TI
monitors the changes in RI or resonance angle near the sensing surface calculates the
statistical noise in the signal and displays the results.

The SPReeta evaluation module (SPR-EVM-BT) was purchased from Nomadics
(Stillwater, OK, USA). The majorcomponents of the module were a SPReeta sensor,
integrated flow cell, interface controller, and application software. A 12-bit analog-to-
digital converter was utilized to provide a high resolution of 1 x 107" reflective index

units (RIU), which corresponding to 0.001 degree in angle.
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3.2.3 Covalent immobolization of SsuD on SPReeta sensing surface

Simplified scheme for the covalent immobilization of SsuD was shown in Figure
3.2. The SPReeta sensing surface was first cleaned with 1% (v/v) Triton X 100 aqueous
solution before it was soaked in the ethanol solution consisting of 0.5 M butanethiol and
0.5 M thioctic acid for 24 hours. The modified surface was rinsed with copious of pure
ethanol to remove excess thiols before the series of experiments for protein interactions.

The thioctic acid modified surface was activated by flowing 4 ml of 1 mM EDC
solution using the flow cell, followed by introducing 5 pg/ml of SsuD solution at 4 °C
and at a flow rate of 1 ml/min for 20 seconds. The SsuD modified surface was rinsed with
distilled water for 90 seconds. In order to deactivate the unbound active EDC modified
surface, 1 ml of I mM ethaneamine solution was flowed through the surface for 1 minute,
followed by rinsing with distilled water. At this point, the flow rate was slowed down
from 1 ml/min to 100 pL/min.

The SPR measurements for the protein binding were conducted using the same
SsuD modified surface and three different concentrations of SsuE solution, 5.6 uM, 10
uM, and 14 uM. The SsuE solutions are free from buffer solution and FMN substrates.
They were kept at 4 °C during the experiments. Between each binding experiment, a
surface regeneration step was used. The surface regeneration was done by introducing 10

mM glycine and 10 mM hydrochloride solution, followed by rinsing with distilled water.

3.3 Results and discussion
Since SPR can monitor the change in the refractive index close to sensing surface,

SPR can be used to probe binding events occurring at proximity of 100 nm from the
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Figure 3.2 Schematic representation of the immobilization of the SsuD on gold surface.
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sensing surface. The sensing surface is thin gold film, which allows generation of surface
plasmons upon the excitation with photons and allows surface modification using thiol
molecules. Figure 3.3 shows the SPR sensorgram of immobilization of SsuD. Initially
when the SPR sensing surface was covered with thiol molecules, the SPR angle maintains
at 69.64° under the distilled water. During the surface activation using EDC solution, the
SPR angle increases to 69.81°, due to the surface modification. After the SsuD solution
was introduced to the activated surface, the SsuD was bound to the surface via amine
coupling, indicated by an increase in the resonance angle from 69.64° to 69.84° shown in
Figure 3.3. The performance of the SPR was reported that every 0.1° shift in SPR angle
corresponds to approximately 1ng/mm’ of the protein immobilized on the surface.*!
Therefore, the SPR shift in our experiment shows approximately 2 ng/mm” immobilized
on the sensing surface. Finally, the surface was treated with ethaneamine to deactivate
any unbound surface active site.

Figure 3.4 shows the real-time SPR measurement of the immobilized SsuD
binding with SsuE and the surface regeneration. At point A in Figure 3.4, 5.6 mM of
SsuE was introduced to the SsuD modified surface, resulting an increase in the SPR angle.
At point B, the distilled water was used to rinse the surface to minimize any nonspecific
adsorption. The SPR angle shifted from 69.834° to 69.854° and this indicates the binding
of the SsuE on the immobilized SsuD. At point C, an equal molar of glycine and
hydrochloride solution was used to cleave off the SsuE, regenerating the sensing surface.

The binding constant reveals the strength of protein-protein interaction and it is

often expressed as dissociation constant or association constant (affinity constant).
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Figure 3.3 The SPR sensogram for the SsuD immobilization. (A) thioctic acid
modified surface. (B) surface activation by EDC. (C) introduction of SsuD. (D) rinsing
with distilled water. (E) surface deactivation by enthaneamine (F) rinsing with distilled

water.
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Figure 3.4 The SPR measurement of protein interactions between SsuE and
immobilized SsuD. (A) introduction of SsuE. (B) rinsing with water (C) surface

regeneration by  glycine/hydrochloride  solution (D) rinsing with  water.
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Equation 3.1 shows the formation of the protein complex at equilibrium.
f f
P, + P, & PP, Eq. 3.1

where Plf and sz are different free proteins and PP, is the protein-protein complex. The
most common used terminology for the binding constant by biochemists is the
dissociation constant (K4). The dissociation constant is expressed as the following
equation:
_IRIR]
[ ])1 Pz ] Eq.3.2

where [P1f 1, [ P, ], and [P,P,] are the concentrations of the free protein 1, the free protein
2 and the protein complex respectively. A smaller value of Ky indicates the equilibrium
favors the formation of the protein complex and also indicates the strength of protein-
protein interaction is high. Another terminology for the binding constant is association or
affinity constant (K;), which is reciprocal of the dissociation constant.

Both dissociation and association constant can be determined by the
concentrations of the free protein and the protein complex. However, these
concentrations may be difficult to be determined experimentally. Since SPR monitors the
binding of two proteins in real time, the SPR signals correspond to the kinetic model of
the protein binding, which has been developed by Brooks, et al.** and Corn, et al.>. For
the reversible interaction shown in equation 3.1, the rate of formation of the protein

complex at time, t, can be written as

d[RP,] 1 pf
T—ka[Pl ][Pz ]_kd[Plpz] Eq. 3.3
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where k, is the association rate constant and kg is the dissociation rate constant. After
protein interactions for some time, t, the remaining of protein 2 can be expressed as

equation 3.4 if a stoichiometric ratio for the binding between two proteins is 1:1.
P, = [P,']o— [P/P
[P2']=[P2]o — [P1P2] Eq.3.4

where [P,']o is the concentration of protein 2 at t =0. In the SPR experiment, one protein
is immobilized on the surface while another protein is present in the mobile phase. If P, is
the surface bound protein (s denotes as surface bound protein) and P; is the mobile

protein, Equation 3.4 can be rewritten as
[P,°] = [P,"]o — [P4P] Eq. 3.5

Substituting Eq. 3.5 into Eq. 3.3 yields

ABBY IR (R, ~[RPD - K, [RP]
” Eq. 3.6

The observed SPR signal, R, is proportional to the formation of protein complex
at the surface and the maximum SPR signal, Ry.x, will be proportional to the

concentration of the bound protein 2.* Therefore the Eq. 3.6 can be expressed as

R k1P R

% - R)—k,R Eq.3.7

max

where dR/dt is the rate of formation of protein complex on the surface.

Rearranging Eq. 3.7 gives

KR MR~ LR T+ KR

Eq. 3.8
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Solving the differential equations yields,

o kIBIIR,, (1= Ty
ka[})lf]—l_kd Eq. 3.9

Figure 3.6 shows the data points from the real time SPR measurements of SsuD
binding with SsuE at different concentrations of SsuE and the mathematical fitting (solid
line) using the Eq. 3.9. Apparently as the concentration of SsuE increases the surface
saturates at a faster rate and the shift in resonance angles increases at a faster rate. The
SPR measures the kinetics of the protein binding. Another observation is that the plateau
of each curve occurring at different levels suggested that the stoichoimetric ratio of SsuE
and SsuD may change as a function of protein concentration in the solution. Equation 3.9
was used to fit the SPR curves shown as solid lines to obtain the value of k, and k4 at
different SsuE concentrations and the results were summarized in Table 3.1. The average
association and dissociation rate constant are 4400 + 230 M™' s™ and 0.0010 + 0.00069 s™
respectively. The dissociation constant (K4) was calculated to be 0.24 £ 0.17 uM which is
two order of magnitudes higher than the reported value®® of 0.0022 puM. This implies that
SPR measured a weaker interaction between SsuD-SsuE than the solution based method.
The free SsuD in the solution exists as a tetramer at equilibrium condition.'® When SsuD
was immobilized on the surface, the subunits of SsuD facing towards the surface might
be blocked and were unable to bind to SsuE. Since the amount of SsuE binds to the

immobilized SsuD reduces, this reflects on the higher value of the dissociate constant.
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Figure 3.5 The shifts in SPR angle upon the loading of SsuE at different concentrations.
(triangle: 5.6 uM; circle: 10 uM; square: 14 uM)
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Table 3.1 The data fitting results

[SsuE] Ka Ka Kq Corr.

(M) Rimax M*s™ Kq (s™) Kq (M) | Error | Error Coef
5.6E-06 0.041 7400 1.8E-03 2.4E-07 220 | 3.3E-04 0.975
1.0E-05 0.047 3100 6.2E-04 2.0E-07 71 3.0E-04 0.991
1.4E-05 0.051 2600 6.8E-04 2.7TE-07 49 5.2E-04 0.997
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3.4 Conclusions

The protein interactions between SsuD and SsuE in the alkanesulfonate
monooxygenase system were used as the model system to compare the dissociation
constants determined from the surface based and the solution based methods. Since the
surface based method allows the high throughput analysis and is very suitable for the
proteomic explorations, the direct comparison between two different methods makes the
biochemistry community aware of the difference in the determination of the dissociation
constant. The surface based method employed in our current study is the surface plasmon
resonance spectroscopy. The real time SPR measures the kinetic parameters of the
protein binding between the immobilized SsuD and the mobile SsuE. The developed
mathematical model was used to determine the values of the association and dissociation
rate constant (4400 + 230 M s and 0.0010 + 0.00069 s respectively). The calculated
dissociation constant (K4) was 0.24 + 0.17 uM which is two orders of magnitudes higher
than the reported value of 0.0022 uM from the solution based method. The different
plateau level for each protein uptake curve suggested that the stoichiometric ratio
between SsuE and SsuD may change as a function of protein concentration in solution.
The mathematical model, assumed a constant 1:1 stoichiometric ratio, could not account
for such stoichiometric change during the binding. However, the fitting results suggested
the surface based method measures weaker SsuD-SsuE interactions compared with the
solution based method. This discrepancy may also arise from the steric effects for some

Interaction sites after the immobilization of SsuD tetramers.
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CHAPTER 4
SENSITIVITY STUDIES OF SURFACE ENHANCED RAMAN SCATTERING
ON Au/Ag FILM OVER NANOSPHERES AND Au/Ag COATED HIGH

EFFICIENCY PARTICULATE AIR FILTER

4.1 Introduction

Surface enhanced Raman spectroscopy (SERS) has been exploited as a tool to
quantify analytes at trace level.'” The basis for the ultra sensitivity of SERS is the huge
enhancements in the effective Raman cross section of molecules within the
electromagnetic field of the localized surface plasmon (LSPR) wave. This LSPR field has
strongly associated with the surface roughness® from the nanoscaled features of the noble
metal surface. The pioneer works in SERS were carried out using the roughened noble
metal surface’ or the aggregation of colloidal metal particles® to produce an enhancement
factor of 10°-10°. Such substrate that can produce the surface enhanced effect is called
SERS substrate. As the fabrication techniques advance, new SERS substrates such as
metal film over nanospheres (FONS) and silver nanoisland array have been introduced
and their sensing applications have been investigated.’

Vibrational spectroscopic methods are valuable analytical tools because they
provide the unique vibrational fingerprints for small molecule analytes and the capability
for quantitative analysis. Surface enhanced Raman spectroscopy has been proven as a

versatile vibrational spectroscopic method for the sensing of polycyclic aromatic
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compounds,'® organophosphorus compounds,'' chlorinated pesticides,'? fungicides," and
other growth inhibitors.'* As far as the detection for the bio-agents is concerned, SERS is
capable of detecting bacillus spores'> and bacteria.'® The sensitivity of the SERS can
reach as low as single molecule;"'” however, such sensitivity depends on the nature of
the target molecule and the degree of the interaction between the target molecule and the
SERS substrate.

There are few ways to evaluation the performance of any SERS based sensors.
One way is to introduce an internal standard to the analyte solution which shows a similar
interaction behavior towards the sensing surface. The detection of dipicolinic acid and
glucose in the presence of NO; ™ ions as an internal standard'®'® and the quantification of
creatinine in the presence of isotopic labeled creatinine® are two of the examples.
Another way to evaluate the performance of any SERS sensors in terms of the detection
limit and the dynamic range is to monitor the SERS signal as a function of known surface
coverage.”' Finally, a standard addition technique can be implemented to determine the
unknown concentration of sample molecules on the surface at a fixed location after the
incremental amount of standard solution is added to the SERS substrate.

In modern aircraft, a high efficiency particulate air or HEPA filter is used to
efficiently dissipate any particulate matter, smoke, odor, and bacteria that are present in
the air cabin.*® It is the only line of defense to ensure the safety of the passenger from
exposure to toxic substances which might be released during the flight. A HEPA filter
based SERS substrate can serve as both the sample collection medium and Raman signal

amplifier in the detection of airborne chemicals.
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The work presented herein uses both metal FONS and metal coated HEPA filter
as tools for the quantitative 4-aminothiophenol (4-ATP) detection. In our study, the SERS
substrates were prepared by coating the monolayer of nanospheres and the HEPA filter
with sequent depositions of 5.3 um base layer of silver and 5.3 um top layer of gold
(Au/Ag). For the characterization of the Au/Ag coated FONS, we used the mixed self-
assembled monolayer of 4-ATP and decanethiol (DT). The coverage of the 4-ATP,
adjusted by changing the 4-ATP concentrations, is monitored by the SERS and the
electrochemical method. From the reduction current of the 4-ATP, we can determine the
number of 4-ATP molecules on the gold surface, which can be related to the SERS
intensity to generate a calibration curve. For the Au/Ag coated HEPA filter, we used the
standard addition technique to overcome the irreproducibility of the surface roughness in

quantitative analysis of 4-ATP solution concentrations.

4.2 Experimental
4.2.1 Materials

All the chemicals used were reagent grade or better. Perchloric acid and
potassium chloride were purchased from Fisher Scientific Inc. Decanethiol and 4-
aminothiophenol were purchased from Aldrich. Decanethiol was used without further
purification while 4-aminothiophenol was purified by the following steps.”> 4-ATP was
dissolved in water by adding sulfuric acid (1 N). The solution was decolored by adding
activated charcoal followed by filtration to remove the charcoal. The remained solution
was titrated with sodium hydroxide to a neutral pH. The organic phase was extracted with

a small amount of dichloromethane. The light yellow solid 4-ATP was obtained by
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evaporating the dichloromethane and stored in the dark at 4 °C. Monodispersed
polystyrene latex spheres with a diameter of 600 mm as 8.1 wt% solutions in water were
purchased from Interfacial Dynamics Corporation. All solutions were prepared using
reagent grade water (18.2 MQ cm) from a Barnstead “NANO infinity” ultrapure water

system.

4.2.2 SERS substrate fabrication

Au/Ag FONS. The polystyrene nanospheres suspension was diluted to 4 wt%
solution in water. The 20 puL of diluted suspension was used to spin-coate a polystyrene
nanosphere film at 500-1000 rpm on the freshly cleaved mica with an area of 4 cm®. The
specimen-to-specimen reproducibility of the nanosphere film was excellent. After
allowed air dry for 24 hours, the nanosphere film was sputter-coated with base layer of
silver and the top layer of gold, resulting Au/Ag FONS. The sputter coating was carried
out by PELCO SC-7 sputter coater from Ted Pella Inc. Following the operation
conditions such as 70 mm working distance between the metal target and the substrate,
0.08 mbar of the sputtering chamber under Argon gas environment, 30 mA of sputtering
current, and 60 seconds of the sputtering time, the thickness of the gold and silver
produced is estimated to be 5.3 nm. After sputter coating, each Au/Ag FONS on mica
was divided radially into 10 triangular pieces for self-assembly of the mixed monolayer.

Au/Ag coated HEPA. The HEPA filter was used as received and was sputter
coated with base layer of silver and the top layer of gold with the same conditions used to

prepare FONS.
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4.2.3 Self-assembled monolayer preparation

Previously prepared SERS substrates were rinsed with ethanol, air dried and then
immersed for 6 hours in an ethanol solution containing a total thiol (one or two types of
thiol molecuels) concentration of ImM. Upon emersion, the specimen was rinsed with

copious amount of ethanol.

4.2.4 Electrochemical measurement

All electrochemistry experiments were carried out using a BAS Epsilon
Potentiostat workstation. A conventional three electrode configuration was employed and
all cell components were constructed from Teflon. In all cases, the gold wire electrode or
Au/Ag FONS were the working electrode, a platinum net was the counter electrode, and
Ag|AgCl(sat) was the reference electrode. All electrochemical behaviors obtained are
corresponding to SAMs adsorbed on polycrystalline Au surfaces. All electrochemistry is
carried out under a blanket of Ar after degassing the cell for 15 minutes.

Cyclic voltammograms of a clean Au electrode in a solution containing 1mM
K;3Fe(CN)g, and 0.1 M KCI were recorded at a range of scan rates. The gold surface area
was determined by the slope of the line where peak current was plotted against the square

root of the scan rate as the following equation:
: 5\n3/2 Ant/2 - 4,1/2
i, = (2.69 X 10°)n3/24D,"* Cyv*/ Eq. 4.1

where i, is the peak current in amperes, # is the number of electrons in the half redox
reaction (n = 1 for Fe(CN)¢” / Fe(CN)s" redox couple), 4 is the total electrode area (cm?),
D, is the diffusion coefficient of the analyte (7.63x10"° cm*/sec for ferricyanide anion in

0.1 M KCl), C, is the bulk concentration of Ks;Fe(CN)g, and v is the scanning rate.
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4.2.5 Atomic force microscopy imaging

All AFM images were acquired using an atomic force microscope Autoprobe CP
from Park Scientific, and an Acquisition Module from Thermomicroscope. The imaging
probes were ULNC-AUMT-AB mounted silicon cantilevers with spring constant 2.1 N/m
(Digital Instruments). All images were acquired with a 100 um Scanner Master with
contact mode in air at room temperature. The images obtained were analyzed with PSI

ProScan 1.5 data analysis software.

4.2.6 SERS apparatus

Raman measurements were carried out by a Renishaw inVIA microscope system
with a 514.5 nm argon ion laser and a 50x long working distance objective lens to focus
the laser beam and to generate the laser beam size of 1 um diameter. A low laser power
(<0.30 mW) was used to avoid laser heating on the sample. Using 180° backscattering
geometry, the scattered light was collected by the objective lens and passed through a
holographic notch filter to remove the Rayleigh line. The detector was a
thermoelectrically cooled charge-coupled device (CCD) detector of 576 x 384 pixels. The
accumulated exposure time of the CCD detector was between 10 and 40 seconds and the

instrumental spectral resolution ranged from 1.0 to 1.5 cm™.

4.3 Results and discussions
As mentioned earlier, one requirement to calibrate the performance of SERS

based sensor is to relate the SERS signals to the known concentrations of surface-bound
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analyte molecules. Self-assembled monolayer of the thiol compounds offers a way to
produce a well-defined dimensional, thermodynamically controlled, and highly stable
modifying layer on gold electrode for the needs of characterizing SERS substrate. Certain
thiol compounds with functional groups such as amino, nitro, and ferrocene have unique
electrochemical and spectroscopic properties which can be used to determine the number

of functional thiol molecules immobilized on the gold surface.

4.3.1 Characterization of the mixed monolayers of 4-ATP and DT using electrochemistry
and SERS

The cyclic voltammogram of a clean gold electrode in 1 M HCIO4 shows one
anodic peak at 1.050 V and one cathodic peak at 0.830 V, which correspond to the
formation and the stripping of gold oxide respectively. Figure 4.1 shows the cyclic
voltammogram of a gold electrode modified with 4-ATP molecules and it is recorded at a
scan rate of 100 mV/s in 1 M HCIO4 supporting electrolyte. It is apparent that the 4-ATP
molecules on the gold electrode cause an oxidative current peak at 0.800 V and two
reductive current peaks at 0.48 V and 0.26 V. These electrochemical features for 4-ATP
have been observed from our pioneer work.”> The oxidative current peak at 0.800 V was
attributed to the oxidation of 4-ATP molecule to the cation radical.”> However, if the gold
electrode was modified with DT molecules, we would not see these peaks. Therefore,
integrating the area under the 4-ATP oxidative peak at 0.8 V can determine the number of

4-ATP molecules on the gold surface.
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Figure 4.1 The cyclic voltammogram of 4-ATP self-assembled monolayer on a gold

electrode in 1 M HCIO4 supporting electrolyte.
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Figure 4.2 shows that 4-ATP peak current density at 0.80 V varies with the mole
fraction of 4-ATP in the mixed thiol solution used for the preparation of mixed SAMs.
Higher concentration of 4-ATP solution generates a higher coverage of 4-ATP molecules
on the gold surface, which results a higher oxidative current. In Figure 4.3, the surface
coverage density of 4-ATP in the various mixed SAMs is nonlinear with respect to the
mole fraction of 4-ATP in the assembling solution. This suggests that 4-ATP interacts
with DT in a different degree than 4-ATP molecules interacting among themselves. This
behavior is similar to the observation made by Whitesides, et al.>> A quadratic data fitting
is applied to the Figure 4.2, yields an equation for calculating the coverage at any given
4-ATP mole fraction in the solution.

r=3x10"1x2.,+4x 1071 X,7p Eq.4.2
where [ is the surface coverage density of 4-ATP molecules and Xatp is the mole
fraction of 4-ATP in the assembling solution.

We turn now to the discussion of characterizing mixed monolayer on Au/Ag
FONS with SERS measurements. Figure 4.3 shows the normal Raman spectra of 4-ATP
crystal and SERS spectra of 4-ATP monolayer on the Au/Ag FONS, which are similar
with the literature reported.”* The selected peak assignments are shown in the Table 4.1.
Unlike 4-ATP, DT does not have any SERS peak in the wavenumbers ranging from 100
to 2000 cm™. This optical difference allows us to design an experiment where the SERS
intensity of 4-ATP is monitored with different SAMs prepared from various mole

fractions of 4-ATP solutions.
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Figure 4.2 The relationship between surface coverage and the mole fraction of ATP in the

solution.
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Figure 4.3 The Raman spectrum of 4-ATP. (a) the normal Raman spectra of 4-ATP
crystal and (b) the SERS spectra of 4-ATP adsorbed on the Au/Ag FONS.
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Table 4.1. The assignment of selected SERS bands for 4-ATP.**

No|v (cm™) | Assignment

1 1077 v C-S

2 1142 o C-H

3 1391 0C-H+vC-C

4 11440 dC-H+vC-C

5 1573 v C-C
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Figure 4.4 shows the AFM image of Au/Ag FONS on mica. The black circle at
the center of Figure 4.4 indicates the relative size of laser beam compared to the diameter
of the polystyrene nanospheres. SERS experiments were conducted in such a way that the
laser beam was focus on the defect-free regions of the FONS and each data point was
chosen at least 2 um apart from one another for statistical analysis.

SERS intensity on the band 1077 cm™ was measured at various 4-ATP solution
concentrations shown in Figure 4.5. As the concentration of the 4-ATP solution increase
more 4-ATP molecules adsorbed on the FONS surface resulting higher Raman signal.
From equation 4.2, we could relate the SERS intensity to the number of moles of 4-ATP
molecules adsorbed on the Au/Ag FONS shown in Figure 4.6. One striking observation is
that there is a phase transition (a change in slope) occurs at 4-ATP mole fraction of 0.4.
This may due to the orientation changes imposed by the increasing concentrations of the
4-ATP on the gold surface. At the low surface concentration of 4-ATP, the orientation of
4-ATP is dictated by the orientation of the DT, which has an estimated 25-35° of tilt
angle” away from surface normal. At the higher surface concentration, the interactions
between DT molecules are weakened and ATP molecules tend to form pi stacking and a
bending configuration. It is well-known that vibration of surface confined molecules such
as 4-ATP with a component along the surface normal will be enhanced more than the

vibrations with the components parallel to the surface.*
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Figure 4.4 The AFM image of Au/Ag FONS on mica. The black circles indicate the size

(1 um diameter) and the location of the laser beam relative to the FONS substrate.
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Figure 4.5 Raman intensity of the band 1077 cm™ for 4-ATP as a function of mole

fraction of the 4-ATP in the solution.
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Figure 4.6 The relationship between the SERS intensity to the number of moles of 4-ATP

adsorbed on the Au/Ag FONS.
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4.3.2 Characterization of the Au/Ag coated HEPA filter

Figure 4.7 shows the SEM image of the Au/Ag coated glass fibers on the HEPA
filter. The red circles indicate the nano-scale features with diameters ranging from 200
pum to 600 pum on the fiber which accounts for the surface enhancement. The solid green
circle shows the size of laser beam relative to the diameter of the glass fiber.

The feasibility and the sensitivity study of the Au/Ag coated HEPA filter was
conducted using the drop coating method to add the analyte to the metal surface. Figure
4.8 shows the uptake curve when 1.0 uM of 4-ATP was applied to the surface. As the
volume of 4-ATP solution added increases the Raman intensity increases and reaches a
plateau. In order to see if the plateau is real, the modified HEPA filter was soaked in a 1
mM 4-ATP solution for 6 hours and was subsequently rinsed five times with plenty of
pure ethanol. The Raman intensity measured representing the saturation point of the 4-
ATP molecules on the surface and it was shown as red dot on the graph. If we assume the
modified HEPA filter has the same enhancement factor as the FONS, we could use the
calibration curve in Figure 4.6 to reveal that the detection limit for this particular batch of
modified filter is about 1 attomole of 4-ATP.

The problem with the approach using Au/Ag coated HEPA filter is the
irreproducibility of the surface, causing the irreproducible surface enhancement factor. A
standard addition technique is designed to overcome this problem shown in Figure 4.9.
Herein, a 10 puL of 4-ATP solution with an unknown concentration was added to the
modified HEPA filter. The initial SERS intensity was recorded. A standard 4-ATP

solution with a concentration of 10 uM was prepared and was added sequentially with a

fixed 10 pL increment while monitoring the SERS intensity. The linear trend of the
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Figure 4.7 The scanning electron microscope image of the Au/Ag coated glass fiber. (a)
An overview of the Au/Ag modified HEPA filter. (b) The enlargement of the fiber which
was chosen for the Raman experiment. The red circles locate the roughness features on

the fiber and the green solid spot representing the size of the laser beam.
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Figure 4.8 The uptake curve of the SERS intensity relative to the picomoles of 4-ATP

added to the Au/Ag modified HEPA filter from the addition of 10 uM ATP solution. The
last point was collected after the Au/ Ag modified HEPA filter was soaked in the 1 mM

4-ATP and rinsed with copious pure ethanol.
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Figure 4.9 The standard addition method is used to determine the unknown concentration
of 4-ATP added to the Au/Ag modified HEPA filter. The data point on y-intercept was
collected from the addition of the unknown solution onto the modified HEPA filter while
the rest of the data points shown were collected as the results of the standard addition.

The x-intercept yields the concentration of unknown.
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standard addition is able to determine the x-intercept which reveals the concentration of
the unknown solution. The concentration of unknown in this particular experiment is
supposed to be 15 puM; however, the additional technique determines it as 13.7 uM.

There is a discrepancy of 1.3 uM corresponds to 8.6% error.

4.4 Conclusions

Herein, we studied two strategies to characterize the performance of SERS
sensors made from Au/Ag coated FONS and HEPA filter. We utilized the simplicity of
using self-assembling technique to producing various surface concentrations of 4-ATP on
the SERS substrate and the unique electrochemical and spectroscopic properties of 4-
ATP molecules. These surface concentration or surface coverage was determined by
electrochemistry and was revealed the range of coverage from 34 nmoles/cm’ of a fully
4-ATP covered surface to 8.3 pmole/cm? of a partially covered surface. The equation 4.2
derived from the current-mole fraction relationship was used to reveal the relationship
between the SERS intensity and the 4-ATP coverage and the phase transition
characteristics at the 4-ATP mole fraction of 0.3 in the mixed thiol solution. This phase
transition was speculated by the orientation changes due to the change in the
concentrations of 4-ATP. As the concentration of the 4-ATP increases, the interaction
force between DT molecules diminishes.

The advantage of using the Au/Ag coated HEPA filter as the chemical sensor is
that the modified HEPA can act as a sample collecting medium and a sensing element
simultaneously. SEM reveals the presence of the nano-scaled features which are

responsible for the surface enhancing effects. The feasibility study shows the SERS
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intensity could be monitored by adding the analyte onto the modified HEPA filter and the
sensitivity study shows that modified HEPA filter has limit of detection at 1 attomole of
4-ATP.

The second method of characterizing SERS substrate with irreproducible surface
such as Au/Ag coated HEPA filter has been investigated. Performing the standard
addition technique allows one to extrapolate the concentration of known. The major

setback is that this method tends not to be accurate.
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CHAPTER 5

SUMMARY OF DISSERTATION

This dissertation has exploited the optical phenomenon of surface plasmon
resonance on the gold surface for the chemical and biochemical sensing. The surface
plasmon resonance occurs when the momentum of light is conserved at the metal-
dielectric interface. The photon interacts with the electron in the thin gold film, causing
the oscillation of the electrons and generating an evanescent field at the interface. The
strength of the evanescent field decays exponentially away from the gold surface, making
SPR sensitive to the environment approximately 100 nm above the surface.

Two different mechanisms of producing SPR were discussed in the dissertation.
The propagating surface plasmons can be produced on the planar metallic surface by
imposing the prism-coupled excitation light on the metal surface. The generation of the
surface plasmons with this type of mechanism provides the basis for the surface plasmon
resonance spectroscopy, where the resonance angle is measured from the minimum of the
reflectance curve. Since the resonance angle is strongly affected by the dielectric constant
of the dielectric layer, SPR can be used to monitor the binding events occurring at the
gold surface. Another way of producing SPR is to use the nanoscaled surface feature to
generate the localized surface plasmons. The oscillation of the localized surface plasmons
intensifies the excitation field on the gold surface and provides the key factor for the

enhancement of the Raman spectroscopy.
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We exploited the sensitivity of the SPR to elucidate the electrochemical processes
occurring at the gold electrode surface. The electrochemistry of the gold oxide, the
underdeposition of the selenium, and the stripping of the mixed selenium and tellurium
layer were studied. The SPR was demonstrated sensitive enough to distinguish the
faradaic process and nonfaradaic process during the cyclic voltammetric studies of gold
oxide and selenium deposition. The hysteresis of the SPR signals during the potential
sweep is puzzling. This may be due to the sluggish kinetics of the stripping process. We
were puzzled by another observation in the selenium UPD experiment, where a current
peak was observed without any observed change in SPR angle. Overall, we have
demonstrated the EC-SPR can be used to quantify the concentration of the selenite ions
and telluride ions simultaneously by employing the standard addition technique. The
future work includes the sensitivity study of simultaneous sensing using EC-SPR to
determine the detection limit for the co-existence of the mixed ions species.

Surface plasmon resonance spectroscopy provides an alternative way in study
protein-protein interactions. The protein system chosen is the alkanesulfonate
monoxygenase, which consists of SsuD and SsuE. SsuD was first immobilized on the
gold surface through the amine coupling and the SPR was used to monitor the kinetics of
the protein binding between SsuD and SsuE. Ellis, et al. has investigated the same system
in the solution phase and has determined the dissociation constant (K4) to be 0.0022 M’
s”. In our surface phase study, the dissociation constant was determined be 0.24 + 0.17
uM™ s, The discrepancy between two methods may be attributed to the unaccounted

change in the stoichiometric ratio of two binding proteins and the reduced freedom for
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confirmation change during the protein interaction and the size of binding pocket for the
surface method compared with the free protein on the solution.

Surface enhanced Raman spectroscopy relies on the localized evanescent field
produced on the metallic nanostructure for the enhancement of the Raman spectra.
Raman spectroscopy is a molecular fingerprinting method utilizing the inelastic scattering
of the light by the various types of the chemical bonds. The presence of the localized
evanescent field intensifies the excitation field and imposes an induced electromagnetic
field on the adsorbed molecule. This enhancement mechanism is referred as
electromagnetic enhancement factor, contributing an enhancement of 10°-10°. Another
mechanism for the enhancement is the chemical enhancement which contributes an
enhancement up to 10%. The enormous enhancement on the Raman spectra is promising
for sensor development.

The air-filter based chemical sensor using surface enhanced Raman spectroscopy
as a readout strategy was conceived with the advent of the metallic nanostructure
preparation technique. The mixed monolayers of 4-ATP and decanethiol were studied
using SERS. Metal film over nanospheres in our study has produced enhanced Raman
spectrum of the 4-aminothiophenol. The detection limit for the Au/Ag FONS is
determined to be 1 attomole of 4-ATP. The Au/Ag modified HEPA filter is able to
produce enhanced Raman spectra; however, the reproducibility on the Raman intensity of
4-ATP molecules at different locations of the modified filter is poor. Addition technique
was employed to overcome the surface irregularity and has been proven useful for

estimating the concentration of the unknown solution.
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