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ABSTRACT OF DISSERTATION

REFERENCE COMPENSATION FOR
LOCALIZED SURFACE-PLASMON RESONANCE SENSORS

Noble metal nanoparticles supporting localized surface plasmon resonances (LSPR) have
been extensively investigated for label free detection of various biological and chemical
interactions. When compared to other optical sensing techniques, LSPR sensors offer
label-free detection of biomolecular interactions in localized sensing volume solutions.
However, these sensors also suffer from a major disadvantage — LSPR sensors remain
highly susceptible to interference because they respond to both solution refractive index
change and non-specific binding as well as specific binding of the target analyte. These
interactions can severely compromise the measurement of the target analyte in a complex
unknown media and hence limit the applicability and impact of the sensor. In spite of the
extensive amount of work done in this field, there has been a clear absence of efforts to
make LSPR sensors immune to interfering effects. The work presented in this document
investigates, both experimentally and numerically, dual- and tri-mode LSPR sensors that
utilize the multiple surface plasmon modes of gold nanostructures to distinguish target
analyte from interfering bulk and non-specific binding effects. Finally, a series of
biosensing experiments are performed to examine various regeneration assays for LSPR
sensors built on indium tin oxide coated glass substrate.
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Plasmonics, Interference Compensation
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Chapter 1

Introduction to Plasmonics

The use of gold nanoparticles dates back to as early as 5" century B. C. when it was
mostly employed to make beautiful stained glass panels. Michael Faraday, in 1857, was
the first to discover metal colloids and attribute the ruby color in glass to dispersed gold
colloidal particles [1]. However, it was not until 1908 that Gustav Mie proposed a
mathematical explanation for the color of gold colloidal solution [2]. He formulated
equations to calculate the scattering and absorption by spherical particles dispersed in a
dielectric media as function of its size. Even though Mie theory came about in the early
20" century, significant interest in the optical properties of nanostructures only started to
develop over the last several decades. This can largely be attributed to technological
advancements that enabled a better understanding of the physical and chemical concepts
behind this field. For example, invention of nanofabrication techniques like electron
beam lithography, nanosphere lithography, nanoimprint lithography, etc. allowed
researchers to design and manipulate complex nanoscale structures. Similarly,
advancements in optical technologies including the invention of high intensity light
sources as well as high precision data acquisition systems allowed scientists to study the
properties of nanoscale structures. Finally, emergence in computational analysis tools
helped researchers further explore the basic physics behind this phenomenon.

This evolution in the area of nanoplasmonics and nanotechnology has impacted a wide

array of fields, ranging from microscopy and lithography to biological sensing, medicine



and energy [3]. For applications in biochemical sensing, plasmon resonance based
nanostructures have been widely studied as a label-free sensing platform. The following
sections provide an overview of the basic principle behind plasmonics as well as an
introduction to sensing based on localized surface plasmon resonance (LSPR) based

nanostructures.

1.1 Basic Principle

A plasmon is defined as the collective oscillation of conduction electrons within materials
whose electrons are bound weakly to its lattice ions and are free to move around. Metals
and some heavily doped semiconductors are examples of elements that support plasmon
oscillations. Bulk plasmons are longitudinal charge density oscillations that are free to
propagate within the volume of the metal. For an ideal metal whose dielectric function

can be described using the free electron Drude formula,

wp
=1- — 1.1
£(w) w? + iyw 1)

where y is the damping constant due to electron collisions and w, is the bulk plasmon

frequency defined as-

Ne?
W, = (1.2)
meé

Here N is the free electron charge density of the metal, e and m, are the electron charge
and mass respectively and g is the permittivity of free space (8.854 x 10> F/m).
Equation (1.1) suggests that the bulk plasmon resonance (wp) for most metals (assuming
minimal damping) occurs at frequencies where its dielectric constant &(®) = 0. It is clear

from (1.2) that wp depends solely on the free electron density of the material. The



plasmon frequency of metals usually lies in the ultraviolet (UV) regime of the
electromagnetic spectrum due to the large values of electron density (N ~10% m™) [4, 5]
Table 1.1 shows the bulk plasmon frequency of some common metals [6]. Due to its
longitudinal nature, bulk plasmons cannot be excited by the transverse mode
electromagnetic wave. Nevertheless, bulk plasmon can be observed via electron energy
loss spectroscopy (EELS).

Surface plasmons are coherent oscillation of electrons confined at the surface between
a metal and dielectric. Surface plasmons interact with light to form coupled waves called
surface plasmon polaritons (SPP) that propagate along the length of the metal. Figure
1.1(b) displays the schematic of an SPP wave. The electric field of the SPP wave is
strongest at the interface and decays evanescently in both the metal and the dielectric.
The rate of decay of the SPP wave is higher inside the metal region as opposed to the
dielectric region. However, due to its smaller wavelength, SPPs can only be optically
excited using special configurations to match the momentum of surface plasmons with
that of the incident photons. One of the most widely used methods, shown in Figure
1.1(c), involves using a prism to match the phase of the incoming wave with that of the
SP wave [7]. The SP dispersion relation can be derived by solving the wave equation
(Helmholtz equation) for an interface between two materials with appropriate boundary

conditions [8]. The following equation gives the dispersion relation for an SPP wave

) ’ EmEq
ke, =— |——— 1.3
P lem+ &g (1.3)

where em 1s the complex dielectric constant of the metal, &4 1s the dielectric constants of

the surrounding dielectric layer, c is the speed of light in vacuum and o is the frequency



of the incident light. A complete and detailed electromagnetic analysis of SPPs can be

found in [9].
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Figure 1.1 (a) Plasmon in bulk metal, (b) Schematic of propagating surface plasmon
wave and (c) excitation of SPP wave at the metal-dielectric interface via prism coupling.

Table 1.1 Free electron density and bulk plasmon wavelengths of common metals.
Adapted from [6].

Metal N (x 10?2 m™) Ap (nm)
Au 5.90 138
Ag 5.86 138
Cu 8.47 115




In comparison to surface plasmon polaritons, localized surface plasmons (LSP) are
non-propagating modes that exist in structures with sizes comparable to the wavelength
of light. LSPs can be easily excited in nanostructures through direct light illumination
without the use of any special configurations such as prisms or gratings. When
illuminated, the incident electric field exerts a force resulting in displacement of the
conduction electrons inside the nanoparticle with respect to the lattice, as demonstrated in
Figure 1.2(a). The attraction between the positive lattice ions and the electrons acts as an
effective restoring force causing the electrons to move back to its equilibrium position.
The frequency of incident light that closely matches to the natural frequency of
oscillation of the electrons inside the nanoparticle leads to resonance. This resonance is
defined as the localized surface plasmon resonance (LSPR) of the nanoparticle. Localized
surface plasmon resonance leads to two very important effects — strong absorption and
scattering of the incident light at LSP frequencies as well as strongly enhanced electric
fields near the nanoparticle surface [10]. Figure 1.2 illustrates the two effects for an 85

nm gold nanoparticle suspended in vacuum.

1.2 Calculation of Surface Plasmons in Nanoparticles

The optical properties of nanostructures are governed by the solution of Maxwell’s
equations for the interaction of particles with electromagnetic wave, under appropriate
boundary conditions. This section provides a summary of the different methods used for

calculating the optical properties of metallic nanoscale structures.
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Figure 1.2 (a) Schematic of LSPR, (b) Normalized E field around 85nm Au NP surface at

LSPR wavelength and (c) enhanced absorption and scattering cross-section for the same
NP at LSPR wavelength.



1.2.1 Electrostatic Approximation

Electrostatic approximation provides a compact analysis of localized surface plasmon
resonance in nanoparticles with sizes much smaller than the wavelength of incident light.
In such cases, the LSPR as well as the optical properties of the nanoparticle can be easily
derived by approximating the nanoparticle with an electric dipole. Figure 1.3 illustrates
the case in which light with electric field Ep is incident on a spherical nanoparticle of
diameter d, such that d<<A. As seen in the figure, the electric field can be considered
uniform inside the nanoparticle (neglecting spatial retardation) causing the conduction

electrons to respond simultaneously and move in phase to each other.

d<<A L»g,v

Figure 1.3 E-field and charge distribution for a metal nanoparticle in quasistatic
approximation.

The solution for the electric field inside and outside the nanoparticle for the
electrostatic case can be calculated by solving the Laplace equation with appropriate

boundary conditions [35, 11, 12]. Assuming a uniform incident electric field Eq = Ey¥,



the quasi-static solution for the electromagnetic field inside and outside the sphere is
given by —

E. —F 3€d
0+ 2g,
(1.4)
E&n — &g a3

Em + 28413

E,u = Eoy + Ey(2cos6.7 + sinf.0)

Here &, and ¢4 represent the dielectric constant of the sphere and the surrounding
medium, a is the radius of sphere (d=2a), Eo is the magnitude of the incident electric field
and 6 is the angle between the position vector r and the y-axis. It is clear from the above
equation that the electric fields near the particle will be strongest when the denominator,
em + 2g¢, 1s minimum. In case of metals with a frequency dependent complex dielectric
function, the above condition can be written as —

Re (ep(w)) = —2¢4 (1.5)
Here Re denotes the real part of the dielectric function. The frequency (or wavelength)
value for which the above condition, also known as the Frohlich condition, is satisfied
corresponds to the localized surface plasmon resonance of the metal nanoparticle.
Substituting this condition in the free electron Drude model (assuming negligible
damping) for a metal described in (1.1), the localized surface plasmon resonance (LSPR)

frequency for a small sized spherical metal nanoparticle can be reduced to —

(1)2
= | (1.6)
Dsor = 114 2¢,

where @), 1s the bulk plasmon frequency described in (1.2). This equation also describes
the relationship of the plasmon resonance of the metal nanoparticle to its surrounding

environment (¢4.) This is an important property of the localized surface plasmons as it



allows metal nanoparticles to be used as sensors for various chemical and biological
applications [13, 14]. This will be discussed in greater detail in section 1.4.

Going back to (1.4), one can conclude that the electric fields both inside and outside
the particle are resonantly enhanced at the at the LSPR frequency, i.e., when &, = -2¢a.

Furthermore, E-field inside the particle (Ei;) is uniform for spheres with d<< (no spatial
dependence) and the electric fields outside the sphere (E..;) decays at the rate of 1/ 3

from the nanoparticle surface.

As illustrated in Figure 1.3, a metal nanoparticle in the presence of a uniform time-
varying electric field can be approximated as a dipole consisting of two point charges
separated by a distance d. The dipole moment induced by the external field can be
calculated as —

p = gqaEy (1.7)

where the polarizability « is defined as —

Em — &q

a = 4ma? (1.8)

Em t 284

Here a is the radius of the sphere (d=2a). Using the polarizability of the sphere, we can
now define the optical (absorption, scattering and extinction) cross-sections as [12]-
Caps = kolm(a)

Csca :k_glalz (1.9)
é6m

Cext = Caps + Csca
where ko is the wavenumber of light in vacuum. The product of the extinction cross-
section and the incident intensity corresponds to the total loss of power from the incident
beam due to absorption and scattering from the nanoparticle. Cex can also be thought of

9



as the geometric area of an ideal opaque particle with the same extinction characteristics
as the metal nanoparticle. Certain key observations can be made from the above set of
equations. First, both the scattering and the absorption cross-section depend on the
polarizability and hence, the LSPR frequency of the sphere. Therefore, the extinction,
scattering and absorption cross-sections are strongest at the localized plasmon frequency

> and

(wspr). Second, it is clear from the equations that the absorption scales with a
scattering with a°. Therefore, extinction cross-section (Cey) is dominated by absorption
for small sized nanoparticles and scattering for larger particles. Figure 1.4 further

illustrates the point by displaying the extinction, absorption and scattering cross-sections

of two gold nanoparticles of size 50nm and 200nm respectively.
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Figure 1.4 Absorption, scattering and extinction cross-section spectra of (a) 50nm and (b)
200nm diameter gold nanoparticle suspended in vacuum.
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1.2.2 Mie theory

The electrostatic approximation theory discussed until now only works for particles
smaller than the wavelength of light, where a fair assumption can be made that the
particle experiences a uniform electric field. This conjecture becomes invalid as the
particle size increases and can no longer be approximated as a dipole. For such cases,
there exists a classical electrodynamic model that can be utilized to compute the optical
properties of spherical nanoparticles of arbitrary size.

Mie theory, developed in 1908 by Gustav Mie, provides an exact analytic solution to
Maxwell’s equations for the interaction of light with a single isotropic homogenous
spherical nanoparticle suspended in a uniform media under appropriate boundary
conditions [2]. The solution can be expressed in terms of the extinction, scattering and
absorption cross-sections of the nanoparticle. The extinction cross-section for a spherical

nanoparticle calculated using Mie theory can be expressed as[12, 15] —

2T

Coge = 7 Z(ZL + 1)Re[a, + b;] (1.10)
L=1

@ = my, (mx) P (x) — P (mx), (x)
T ma, (mam) (x) — ¥y (mxn, (x)

_ Y, (mx)P, (x) — mypy (mx) P, (x)
Y, (mx)n;, (x) — mpy (mx)n, (x)

(1.11)

b,

where aL and bL are the scattering coefficients described in terms of Riccati — Bessel
functions(yz and #.), k is the wave vector of incident light in the medium, x = [k|a

represents the size parameter with a being the radius of the sphere, m = n,,/n; where ny,
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and ng are the refractive indices of the nanoparticle and the surrounding media
respectively. The summation index L defines the order of plasmon oscillations. Figure
1.5(a) displays the surface charge distribution for L=1, 2 and 3 modes representing the
dipole, quadrupole and octupole mode for a spherical nanoparticle.

A complete electrodynamic solution for the extinction cross-section defined in (1.10)
consists of a series of multipole resonances leading to several peaks in the LSPR spectra.
Figure 1.5 also shows the extinction spectra for 60 nm and 140 nm silver nanoparticles
suspended in vacuum. For nanoparticles with sizes smaller than the wavelength of
incident light, i.e., a << A, the higher order modes (L >1) are not very significant and
hence can be ignored. In such cases Mie theory reduces to the electrostatic approximation

theory described previously.

1.2.3 Numerical Methods

As explained above, Mie theory provides a complete analytic solution to Maxwell’s
equations for a spherical, homogenous, isotropic and non-magnetic particle in a non-
absorbing media. Nevertheless, there are plenty of practical real world cases for which no
analytic solution exists. Some examples include complex arbitrary shaped structures like
triangular prisms [16, 17], stars [18, 19], cubes [20] and core-shell nanoparticles [21] or
non-homogenous surroundings like particles on a substrate [22]. However, there has been
an emergence of powerful numerical analysis techniques that can be utilized to solve for
scattering properties of nanostructures in such cases. Some of the widely used methods
include Finite Element Method (FEM) [23], Finite Difference Time Domain (FDTD) [24]
and Discrete Dipole Approximation (DDA) [25]. Each technique holds several

advantages and disadvantages over the others and the use of a particular technique is

12



highly dependent on the problem at hand. A qualitative analysis of some of the widely
used numerical techniques can be found in various journal articles including papers by
Zhao et al. and Parsons et al. [26, 27]. Most of the techniques rely on a similar basic
principle of discretization or meshing of the problem domain into smaller cells and
solving for the fields inside each cell. The size and shape of the cell is vital to the
convergence and accuracy of the numerical solution. For an accurate depiction of the
propagation of light the cell size is kept smaller than the wavelength of light in the target.
Efficient utilization of the method requires a complete knowledge of both the
electromagnetic problem and the numerical technique being used to solve it.

Finite Element Method or FEM is one of the widely used computational analysis
techniques used for electromagnetic analysis in the areas of near-field optics and
plasmonics to solve for light interaction with irregular geometries. FEM method solves
for the electromagnetic scattering problem in frequency domain by discretizing the
volume of the simulation domain into small 3D elements like tetrahedra and triangular
prisms, depending on what best describes the geometry of the scatterer [28]. The
simulation domain is truncated by a bounding box and the electromagnetic field values
are calculated at the nodes and the edges of the discretized elements. This technique is
especially useful for simulating large domains containing very fine details. Further details
regarding the finite element method and the computational software used to implement it

can be found in Chapter 5.
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Figure 1.5 (a) Charge distribution (from left to right) for dipole (L=1), quadrupole (L=2)
and octupole modes (L=3) for a spherical nanoparticle, and, extinction spectra of (b)
60nm, and (c) 140nm spherical silver nanoparticles in vacuum. The number associated
with each peak indicates the order of the multipolar excitation.
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1.3 LSPR Characteristics

The spectral position of the localized surface plasmon resonance of metallic nanoparticles
depends on many factors including, but not limited to its size, shape and material
properties [29]. This section provides a brief overview of the various factors that govern

the LSPR wavelength.

1.3.1 Size dependence

The dependence of LSPR wavelength on the size of the nanoparticles can be clearly seen
by the size dependence in the scattering and absorption cross-section as defined by the
Mie theory. Figure 1.6 displays the dependence of LSPR wavelength to the nanoparticle
size. The red-shifting of the plasmon resonance, in most simple terms, can be attributed
to the reduction in the restoring force due to increasing distance between the conduction
electrons and the positive ions. Further increase in the size of the nanoparticles leads also
to higher modes of oscillations as the electrons are no longer able respond homogenously
to the applied field due to field retardation across the nanoparticle [30].

In case of nanoparticles that can be classified within the electrostatic approximation,
plasmon resonance do not show any appreciable shift with change in size of the
nanoparticles [31]. Figure 1.7 shows the shift in the resonance with increasing size of the
gold nanoparticles. For particles under 20nm, which defines the dipolar limit for gold,
almost no appreciable shift is observed. These nanoparticles, however, show a
considerable dependence of the plasmon resonance linewidth to the size of the
nanoparticles. As the nanoparticles become smaller than the mean free path of electrons

(~40-50 nm for gold and silver), there is an increase in the scattering between the
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electrons and the nanoparticle surface. This scattering increases as the size of the
nanoparticle decreases. This introduces a size dependence damping term in the Drude
formula for the dielectric constant of the metals. This dependence of plasmon resonance
within the dipolar approximation is termed as intrinsic (due to the size dependence of the
metal dielectric constant) as opposed to the extrinsic effect (beyond the dipolar regime)
where the absorption and scattering spectra directly depend on the size of the
nanoparticle.
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Figure 1.6 Shift in the extinction spectrum with increasing size of spherical gold
nanoparticles.
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Figure 1.7 Change in the scattering and absorption wavelength with respect to the radius
of spherical gold nanoparticle in air.

1.3.2 Shape dependence

Apart from size, localized surface plasmon wavelength is also highly dependent on the
shape of the nanostructure. The most common example of this can be seen in the case of
rod shaped nanostructures. Nanorods can be approximated as nanoparticles elongated
along one of its axis. The elongated shape of the nanorod causes the conduction electrons
to oscillate in two different directions depending upon the polarization of the incident
light. The resultant resonances are termed as either longitudinal or transverse resonances
depending on whether the direction of oscillation is along the long or short axis of the
nanorod. Section 3.1.1 provides a more detailed explanation of the plasmon resonances in

nanorod based structures.
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Besides nanospheres and nanorods, various other nanostructures of different shapes
have been designed and fabricated both through colloidal synthesis as well as
lithography. The LSP resonance wavelength can be tuned throughout the electromagnetic
spectra by fabricating nanostructures of different shapes. Even though nanospheres and
nanorods are some of the most widely studied structures, more and more complex
structures have been the subject of study in the recent years, thanks to the advances in the
fields of computation and fabrication. Figure 1.8 illustrates the optical properties of silver
nanostructures of various shapes, ranging from the isotropic spherical particle to the more
complex tetrahedral and octahedral shapes. The plot in Figure 1.8 clearly demonstrates
that the plasmon resonance wavelength can be easily tuned from the near-UV to near-IR

range by just changing the shapes of silver nanoparticles.
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Figure 1.8 (top) TEM images of Au nanostructures of various shapes and sizes. (A)
Nanospheres, (B) Nanocubes, (C) Nanorods (AR=2.4), (D) Nanorods (AR=3.4), (E)
Nanorods (AR=4.6) and (F) Nanobypyramids (AR=1.5), and (bottom) representative
normalized extinction spectra of the above structures (from A-E). Adapted with
permission from [32].
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1.3.3 Material dependence

As shown in (1.5), the dielectric properties of the nanoparticles also alter its surface
plasmon resonance. Nanoparticles with similar shapes and sizes exhibit plasmon
resonances at different wavelength positions for different materials. Gold and silver are
the two most widely studied materials as their LSPR wavelengths are positioned in the
visible region of the -electromagnetic spectra, making them easily accessible
experimentally. Figure 1.9(b) displays the scattering cross-section of similar sized gold
and silver nanoparticles. The differences in the two spectra can be attributed to the
different permittivity values of gold and silver. Figure 1.9(a) also displays the real and
imaginary dielectric constant values for gold and silver [33]. Differences in the LSPR
resonances can be attributed be attributed to dissimilar ¢ values of gold and silver. The
differences in the values of the imaginary part of the dielectric constant, &>, affect the
plasmon resonance linewidths for gold and silver particles. Lower values of &> results in
sharper peaks and higher extinction efficiencies for silver nanostructures as compared to
its gold counterpart.

Besides gold and silver, various other materials including metals as well as
semiconductors with enough free electrons and negative permittivity have the potential to
support LSPR. Copper is one such material that has been studied by various groups as it
exhibits comparable imaginary dielectric constants to gold in the visible range [34].
However, it is highly reactive and easily oxidizes in air and therefore, is not used as
widely as Au. Similarly, various ‘poor metals’ like Al, Sn etc. have also been shown to
exhibit strong plasmon resonance as well as enhanced electric fields in the near to far UV

range [35].
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Figure 1.9 Real and imaginary part of the dielectric constant for gold and silver, data
adapted with permission from [33] and, (b) Extinction spectra of 60nm gold and silver
spherical nanoparticles with air as the surrounding media.

1.3.4 Effect of surrounding media

The LSPR wavelength of the metal nanoparticle, as evidenced in (1.6), is also influenced
by the dielectric properties of the surrounding media. The presence of electric field
around the nanoparticle surface also induces the polarization of the surrounding medium.
This polarized medium compensates for some of the charges on the metal nanoparticle
surface resulting in a reduced restoring force. Higher value of &; results in smaller
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restoring force as more surface charges are compensated by the polarized charges of the
surrounding medium. Hence, as seen in Figure 1.10, surface plasmon resonance
wavelength red-shifts with increasing permittivity of the surrounding media [3, 36].

The dependence of resonance wavelength position to the dielectric property of the
surrounding media is an important property of LSPs as it allows them to be used as
sensors for various biological and chemical applications. The use of LSP based metal
nanostructures as sensors is one of the most widely utilized applications of such
structures [13, 37, 38]. More details regarding LSPR based sensors will be discussed in

the following section.
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Figure 1.10 Extinction cross-section of a 50nm gold nanoparticle embedded in various
media.
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1.4 LSPR nanostructures as optical sensors

The unique optical properties of nanostructures exhibiting surface plasmons have been
utilized in a wide range of applications. Some examples of fields where LSPR has been
applied include drug delivery [39], cell labeling for identification of tumors in-vivo [40]
and in-vitro[41, 42], biochemical sensing, nanolithography, nanophotonic devices [43],
solar cells [44, 45] and optical trapping [46].

The use of metal nanostructures as sensors is one of the most important applications of
LSPR. The first ever LSPR based sensor, demonstrated by Englebienne in 1998, utilized
the shift in plasmon resonance of colloidal gold nanoparticle in solution to detect analyte-
ligand binding interactions [47]. Since then, LSPR based optical sensors have been
employed in areas ranging from disease diagnosis [48] to food safety and environmental
toxins [49]. This area has witnessed tremendous growth in the past decade, mainly due to
the advancements in the field of nanoscale fabrication and synthesis along with
improvement in optical characterization tools.

The fundamental mechanism involving LSPR sensing can be understood by returning
to (1.6) which defines the resonance frequency for a quasistatic approximated spherical

nanoparticle. Converting from ws,r to Ay, we can rewrite the equation as —

Aspr = ApyJ1+2¢4 (1.12)
where 4, corresponds to the bulk plasma wavelength of the metal (4, = 2mc/wj) and &4
is the dielectric constant of the surrounding medium. Equation (1.12) clearly shows that
the plasmon resonance wavelength position for a metal nanoparticle is directly
proportional to the permittivity or the refractive index, ngs of the surrounding medium

(where ng = \/sd). Therefore, as illustrated in Figure 1.10, a change in the refractive index
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of the environment can be directly measured from the shift in the absorption or scattering
spectra of the nanoparticles. This section summarizes the different characteristics used for

measuring and comparing the performance of LSPR sensors.

1.4.1 Performance Characteristics

Sensitivity is one of the main performance characteristics of an LSPR sensor. It can be
classified as bulk or surface sensitivity depending on the type of quantity being measured.
Bulk sensitivity, expressed in nm/RIU where RIU denotes refractive index units is
defined as the change in resonance wavelength due to the change in refractive index of
the bulk solution surrounding all or a part of the nanoparticle. Mathematically, it can be

expressed as —

Agpr

S, =
B AnB

(1.13)

where Anp and Alspr represent the shift in the refractive index of the surrounding medium
and the change in the resonance wavelength it induces. Sz values for a sensor have been
shown to be highly dependent on the nanoparticle morphology. Chen et al showed that
the bulk refractive index sensitivity values for gold LSPR based sensors can change from
44 nm/RIU for a 15 nm spherical nanoparticle (Aspr=527nm) to 703 nm/RIU for more
complex star-shaped structures with Aspr in the near-IR range [32]. Table 1.2 gives the
bulk sensitivity values for some of the more complex nanoparticle shapes. Miller et al.
showed through simulations that, irrespective of its type, the RI sensitivity of an LSPR
sensor is highly dependent on the resonance wavelength position, increasing as it shifts to
higher wavelengths [50]. However, this dependence of bulk sensitivity on the spectral

position of plasmon wavelength is valid only for cases in which Aspr occurs in the region
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where ¢1 varies linearly with wavelength. The bulk sensitivities of LSPR based sensors
are orders of magnitude lower than that of propagating surface plasmon resonance based
sensors (S ~ 10* nm/RIU for a thin gold film sensor) [51]. This could be attributed to the
larger decay length of SPP as compared to its LSPR counterpart as well as the closely
matched dispersion dependence of SPP to the prism used for its excitation. Thus, a small
change in refractive index requires a large change in wavelength to retain the phase
matching conditions for SPP sensors. For LSPR sensors a small change in wavelength is
sufficient to match the change in resonance condition because the condition depends
primarily on the dispersion of the metal.

Besides sensitivity, figure of merit (FOM) is also widely used to characterize sensor’s
performance. It was established in order to compare performances of various LSPR based
sensors irrespective of their shapes and sizes [20]. The figure of merit of an LSPR sensor

is governed by its sensitivity and resonance linewidth, and is calculated as follows—

Sk
= 1.14
FOM = Fwhm (L1

where FWHM (full width at half maximum) denotes the resonance linewidth. LSPR
sensors with high figures of merit are indicative of good sensors that are capable of
resolving very small bulk RI changes. Kvasnicka et al [52] suggested another formulation
that incorporated the metal permittivity to calculate the bulk FOM for a sensor -

an

FOM =
em(Asp)

(1.15)

The above equation suggests that metal nanostructures with low losses at its resonance
frequency possess a higher FOM. This is understandable as higher imaginary dielectric

constant values (as discussed in Section 1.3.3) result in broader plasmon resonance
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linewidths. Hence Ag nanoparticle sensors, due to Ag’s smaller imaginary em, exhibit
higher figures of merit as compared to their Au counterparts. FOM also decreases with
increasing plasmon resonance wavelength of the nanoscale metal sensor. As shown in
Figure 1.11(a) by Otte et al. [53], an increase in nanoparticle size leads to radiation
damping and broader resonance linewidths (FWHM) resulting in reduced FOM.. Various
authors have proposed solutions to reduce radiative damping at longer Ay through
techniques like fano resonances in complex structures [54-57]. Similarly, a single
nanoparticle based sensor gives sharper linewidths as compared to a sensor based on an
ensemble of nanoparticles. Figure 1.11(b) illustrates this by comparing the LSPR
wavelength of a single triangular silver nanoprism versus an array of such structures [17].
Table 1.1 displays the FOM values of some of the complex shaped LSPR sensors found
in literature.

Surface sensitivity is employed when LSPR sensors are used for the detection of
biomolecular interactions occurring close to the nanoparticle surface. Surface sensitivity

can be defined as —

Aspr

1.1
Ad (1.10)

SB=

where Ad denotes the change in thickness due to the adsorption of the molecular layer.
The binding of molecules to the surface of a nanostructure results in a measurable shift in
its LSPR wavelength. In many cases, Ad is replaced by AC indicating the change in
surface coverage due to adsorption of the molecules. This shift is induced due to the
interaction between the target molecule and the localized E-fields around the nanoparticle
surface. The sensor surface is usually coated with a recognition element to improve its

selectivity and allows strong binding to the target molecules in solution. Besides the
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thickness of the target molecule, the magnitude of shift observed in an LSPR sensor also
depends on the refractive index and the thickness of the recognition element. The
response of an LSPR sensor functionalized with sensing elements of thickness dfunc to

protein binding can be estimated using the following equation [58] -

deunc _Zdanalyte

My, =Sphne” @ (1—e 1l ) (1.17)

where {4 is the decay length of the electric field surrounding the nanoparticle, danalyte is
the thickness of the analyte layer and An is the refractive index difference between the
surrounding dielectric and the target molecules. Various studies have been conducted to
experimentally investigate the distance dependence of LSPR nanostructures by attaching
different length SAM molecules onto the sensor surface. Malinsky et al. [59] reported
that the plasmon resonance of Ag nanoparticles on glass substrate red-shifted linearly for
addition of every methylene group present in an alkanethiol chain CH3(CH2)~SH of
varying length with x spanning from 3-15. The authors also measured bulk RI sensitivity
of the Ag nanoparticles before and after the binding of SAM molecule and observed a
20% reduction in Sg. In a similar manner, Haes et al. [60] investigated the long range
distance dependence of resonance wavelength and concluded that the shift due to target
molecules depends on the nanoparticle composition including its size, shape and material.
Figure 1.11(c) shows the shift dependence for both Ag and Au nanoparticles of same
sizes with different analyte thicknesses. Ag nanoparticles were found to give larger shifts
compared to Au nanoparticles for the same adsorbate thickness. Au nanoparticles were
also found to saturate at smaller layer thickness (~17nm) as compared to Ag (~26nm);
demonstrating weaker electric fields surrounding the gold particles compared to its silver

counterpart. The size of functionalization layer also affects the overall response of the
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sensor to the target protein binding. In case of larger recognition element, the protein will
bind farther away from the nanoparticle surface; inducing a much smaller shift due to the
exponentially decaying electric fields, than if the recognition element were smaller. This
was verified experimentally by Fuez ef al. [61] where they utilized two different sized
functionalization layers, thiol-PEG-biotin (polyethylene glycol) and disulphide-OEG-
biotin (olego-ethylene glycol), and measured the sensor response to neutravidin binding.
Hence, type of functionalized element being used plays a very important part in sensor
design as it greatly affects the selectivity as well sensitivity of the biomolecular
interaction to be detected.

Limit of detection (LOD) is another sensor characteristic widely reported in literature.
It defines the smallest change in sensing parameter (bulk refractive index or surface

coverage) that can be detected by the sensor. It is often expressed mathematically as-
30
LOD = < (1.18)

where S can be either the bulk or surface sensitivity and o calculates the standard
deviation of the measured parameter. Apart from the shape of the sensor’s spectra (i.e., its
width and position), ¢ also depends on other experimental parameters including the type
of light source and the detector being used.

Lastly, another term used when discussing sensor’s performance is the dynamic range.
It is defined as the range between the highest and the lowest possible concentration that
can be reported accurately by the sensor. The sensor is usually limited by its LOD at low
measurement levels. At the high levels, the sensor is limited by saturation, which could

happen, for e.g., due to the use of all binding sites in a functionalized LSPR biosensor

[9].
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Table 1.2 Bulk sensitivities as well as figures of merit of several complex shaped LSPR
nanostructures found in literature.

Shape Size Aspr (7) S (nm/RIU) FOM References
Gold 150 nm ~1.3 um 880 2 [62]
nanorings. diameter
Colloidal
lihtography
on glass,
ensemble
msmt
Gold 340nm by 1160nm 800 N/A [63]
nanorice S54nm LxD (long. (longitudinal
with Fe>O3 Wavelength) | sensitivity)
core on glass
Gold-silica r1=102nm N/A 555 N/A [64]
nanoshells
on glass r2=122nm
internal,
external
radius
Single Ag 111nm edge 630 nm 205 3.3 (in terms [17]
triangular length, of eV,
nanoprism 15nm snip
ev RIU"!/ ev)
Single Au 50nm by ~660 nm 170 1.3 [65]
nanorod on 15nm LxD
glass
Silver 69.5nm edge ~700 nm 625 9.5 [66]
nanostar length with
30° vertex
angle
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Figure 1.11 (A) Bulk sensitivity and FOM for ellipsoidal Au nanoparticles of different
AR calculated, (B) Normalized ensemble (black) vs single nanoparticle (colored)
scattering spectra of silver triangular nanoprisms, and (C) LSPR shift with respect to
layer thickness for Ag and Au elliptical nanoparticles of size 70nm by 50nm. Reprinted
with permission from [17, 53, 60].
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To summarize, this chapter gave an overview of the physics behind localized surface
plasmon resonance as well as its use as optical sensors. Significant strides in the field of
nanotechnology have allowed researchers to explore in detail the field of optical
nanosensing using LSPR nanostructures. As a result, its applications can be seen in every
possible field including disease diagnosis and therapy. Plasmon resonance based
nanostructures have been widely studied as label-free sensors for applications in
biochemical sensing. The next chapter provides a literature review of the work done over

the past decade in the field of nanoscale optical sensing using LSPR structures.

Copyright © Neha Nehru, 2014
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Chapter 2

Optical Biosensing using LSPR nanostructures

2.1 Introduction

A biosensor is defined as an instrument used for the detection and analysis of various
biological and chemical compounds. Vo-Dinh ef al. [67] described biosensor as a device
comprising of a bio-recognition and a transduction element. The bio-recognition element
selectively recognizes and interacts with the target analyte to produce an effect that can
be transformed into a measurable quantity by the transduction element. Figure 2.1
displays the conceptual diagram of the biosensing principle. Biosensors can be further
classified depending on the type of bio-recognition element or transduction mechanism
being used. The most common form of bio-recognition element involves the use of
specific binding property of antibodies to detect target antigens. Such sensors are
commonly referred to as immunosensors or immunoassays.

Based on the different types of transduction signals, a biosensor can be divided into
three major categories — mechanical, electrical and optical. Biosensors based on
mechanical transduction can be achieved through cantilever based sensors. As seen in
Figure 2.2(a), these sensors are made of long thin membranes with one free end, and the
other side anchored to a substrate. They are usually made of silicon or silicon based
materials and can be fabricated using the well-established micro- and nanofabrication
techniques. Cantilever based sensors can be further classified depending on the type of

mechanical force being measured. Fritz et al. were among the first to utilize silicon based
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microcantilever stress sensors to detect DNA hybridization [68]. Arrays of
microcantilevers were functionalized with two different ssDNA base sequences — one
complimentary to the target being detected and the other to a random sequence, and the
difference in the deflection between the two cantilevers was measured. Since then, these
sensors have been utilized for the detection and analysis of various biochemical elements
including cancer biomarkers like prostate specific antigen (PSA), proteins, pathogens,

mRNA molecules, E.coli cells and environmental toxins among many others [69-71].

(a) (b)
Analyte fiosensing detectiorD

method

receptor layer

Transducer
transducers bio-receptors
Mechanical Electrical Optical Antibody- Nucleic Enzymes
output signal Antigen Acid

Figure 2.1 (A) Biosensing principle, and (B) Classification of various biosensors based
on the type of bio-recognition and transduction element being used.
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Electrical or electrochemical biosensors can be categorized based on the type of
electrical signal being measured [72]. These could be — amperometric devices, which
involve measurement of current resulting from redox reactions on an electrode surface;
potentiometric devices, which measure the potential difference or charge accumulation
between two electrodes; or conductometric devices that measure changes in conductive
properties of a medium. One of the oldest and most successful examples of an electrical
sensor involves the measurement of glucose through the amperometric detection of
hydrogen peroxide. The sensing device, developed in the 1970s, consisted of an electrode
coated with the glucose oxidase (GOx) enzyme that converted glucose (in the presence of
oxygen) to gluconic acid, releasing H>O» in the process [73]. Improvement in fabrication
techniques have allowed for the development of smaller and more sensitive electrical
sensors that can be used for various sensing applications. For e.g., Cui et al. [74] reported
a nanoscale field effect transistor (FET) based electrical sensor with a functionalized gate
for measuring pH changes. As seen in Figure 2.2(b), the sensor measured the shift in
conductance due to the protonation or deprotonation of amine groups on its surface.
Other applications for electrical biosensors include cancer biomarker detection, DNA

hybridization and various other antigen-antibody interactions [75-77].
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Figure 2.2 (a) Working principle of a cantilever based nanomechanical sensor. The
binding of target on one side of the cantilever surface causes a change in the deflection of
the cantilever’s free end that can be detected through a shift in position. Cantilever sensor
on the right measures the change in mass due to the binding of target molecules that is
detected through shifts in its resonance frequency. (b) Electrical nanosensor used for the
detection of pH changes through shifts in conductance, and (c) Plot showing the number
of publications in each of the major sensing techniques over the years. Reprinted with
permission from references [70, 74, 78].
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2.2 Optical Sensors

Optical sensing involves the detection of biochemical interactions through optical
measurements. Binding of target molecules onto the sensor surface functionalized with
bio-receptors, can be measured by monitoring changes in its absorption, reflectance,
scattering or fluorescence spectra. Advancements in the field of nanofabrication and
optical technologies have made optical detection the most widely used biosensing
mechanism over the past couple of years. Figure 2.2(c) plots the number of publications
in the various fields of biosensing over the last two decades.

Optical sensors can be vaguely classified in terms of label and label-free sensing.
Label based optical sensing involves the use of fluorescent, luminescent, enzymatic or
radioactive markers to detect the presence of target molecules. These tags may be
attached to either the bio-recognition element or the target molecule, and the intensity of
fluorescence emission indicates the concentration of target analyte. Another format,
called the sandwiched assay technique, involves the use of a fluorophore tagged
secondary antibody to bind to the already captured target molecules on the sensor surface
[79]. This method requires the use of antigens with atleast two binding sites for the
primary and secondary antibody. Figure 2.3 shows the direct and sandwiched assay
format used in label based sensors. One of the most widely used biosensor, Enzyme
Linked ImmunoSorbent Assay (ELISA) is an example of a label based sandwiched
sensing technique. ELISA is an end point immunoassay used for the detection and
analysis of antibodies or antigens in a sample [80]. The antigen—antibody binding, one of
which is bound to the plate surface, is followed by the addition of an enzyme labeled

secondary antibody, forming a sandwiched assay. This enzyme metabolizes the dye
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molecule present in the solution resulting in a detectable colorimetric shift. This method
is used widely in clinical settings for the purpose of medical diagnostics [81]. Another
example of a label based sensor is the commercially available high throughput DNA
microarray chips for the determination of unknown sequences of nucleotides. As shown
in Figure 2.3(c), the chips are printed with arrays of known short strand DNA sequences
and the binding of unknown tagged nucleotides to its complementary strand is observed
through fluorescence [82].

Label-free sensors, on the other hand, detect and measure biological and chemical
interactions without the use of any labels or tags. One of the ways label free sensors
detect analyte interactions involves measuring refractive index changes close to its
surface. Some common examples of label-free sensors include photonic crystal based
devices [83], optical waveguides based devices [84], ring resonators [85] and surface
plasmon resonance based devices [86]. Label-free sensors have attracted considerable
attention over the last decade or so due to improvements in the field of micro and
nanoscale technology. As a result, these sensors have become smaller as well as more
sensitive and robust making them useful for various biological and chemical applications.

As mentioned above, SPR based sensors fall under the category of label free optical
sensors. Both propagating and localized SPR sensors detect molecular interactions by
monitoring the shifts in plasmon resonance wavelength through its absorption or
scattering spectrum [87]. These shifts are proportional to the concentration of target
analyte that binds to the sensor surface. The propagating SPR sensor is the more mature
technology of the two, having been in existence since 1982 when it was first utilized by

Nylander et al [88] for the purpose of gas detection. Biacore was the first company to
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pioneer commercial SPR devices in the early 1990s. Since then, these devices have been
employed in both research and, to a somewhat lesser extent, in clinical settings to study

the sensitivity, specificity, concentration as well as to acquire kinetic measurements of

various molecular interactions.
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Figure 2.3 Different kinds of immunoassay techniques (a) Direct detection format where
the antigen is fluorescently labeled, (b) Sandwiched assay format utilized by ELISA that
employs a secondary antibody for the detection of target molecules, and (c) Schematic of
the DNA microarray technique. The image at the bottom shows the result obtained from a
typical chip. DNA chip reprinted with permission from ref [89].
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2.2.1 Comparison between various optical techniques

Both localized and propagating surface plasmon resonance sensors exhibit several
attractive properties when compared to other optical sensing techniques. In contrast to
ELISA and other label based sensors, sensing using SPR devices allow label-free
detection of bio-molecular interactions. Most of the label based methods are endpoint
assays techniques that only measure the change in signal before and after the binding.
Plasmon resonance based sensors, on the other hand, provide real-time kinetic analysis
that can be used to measure the association and dissociation constants of various ligand-
analyte binding interactions.

As explained previously, both SPR and LSPR devices are based on the similar
technique of detecting small refractive index changes close to the sensor surface.
However, in contrast to its propagating counterpart, localized plasmon resonance based
sensors offer more strongly enhanced fields with shorter decay lengths allowing the
LSPR sensors to exhibit high sensitivity toward molecular binding interactions. This was
proven theoretically by Otte er al [90] where they compared the bulk surface sensing
characteristics of an SPR (50 nm gold layer) and LSPR based sensor (gold nanorods). It
was demonstrated that even though the bulk sensitivities and figures of merit were atleast
one order of magnitude higher for thin film SPR sensor, the LSPR sensors displayed
three times higher surface sensitivities and FOM making it the preferred candidate for
bio-molecular sensing applications.

Another difference between the two devices involves the propagating nature of
traditional SPR sensors. The extended propagation distance of surface plasmons limits

the sensor’s size between tens to hundreds of microns [5]. This property of SPR sensors
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prevents a true miniaturization of the system that is easily obtainable with an LSPR
sensor. The presence of a localized sensing volume allows LSPR devices to work in
extremely low solution volumes. Furthermore, localized plasmon sensors offer a great
deal of flexibility of design in terms of its size and shape (for e.g., ellipsoids, disks,
crescents etc) as compared to its propagating counterpart allowing LSPR sensors to easily
tune their resonance wavelength position across the visible to near-IR spectra. Finally, the
simple instrumentation required for the excitation and measurement of localized surface

plasmons makes it easier to work with, especially as devices in point of care applications.

2.3 Background and Perspective on LSPR sensing

LSPR sensors were first reported in literature by Englebienne in 1998 when he exploited
the plasmon properties of gold nanoparticles coated with various monoclonal antibodies
to measure its binding affinities to the antigen of interest [47]. Since then, remarkable
progress has been made in the field of localized surface plasmons, and LSPR sensors in
particular. Besides biological sensing, LSPR sensors have also been used in various other
application including environmental sensing and food safety [91-93].

The potential of LSPR sensors to demonstrate improved surface detection parameters
as compared to its traditional SPR sensors counterpart has been shown numerically.
However, in reality, various experimental factors prohibit the LSPR sensors from
reaching their full efficiency. This was shown by Otte and co-workers where they
reported a 60% drop in the surface sensitivity and FOMs of a gold nanorod based sensor
compared to theoretical calculations [90]. Therefore, the major focus of research in this
area has mostly been on improving the surface sensitivities and detection limits of the

sensors through various techniques. Higher sensitivities have been achieved by
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introducing more complex structures than spherical nanoparticles, with sharper features
and more hot spots where the E-field enhancement is orders of magnitude higher at
plasmon resonance wavelength. Several groups have tried to improve the detection limits
through other means, for e.g., through improvements in detection as well as the data
analysis techniques [94]. Others have also looked into improving the detection limits
through selective immobilization of antibodies to high sensitive areas on the sensor’s
surface [95].

Several researchers have focused their efforts on studying biochemical sensing using
localized surface plasmon resonance. LSPR based nanostructures, in the past 15 years,
have been exploited for various sensing application, including, among various others,
detection of disease biomarkers, DNA hybridization detection and protein-protein
interaction analysis [96]. Gold and silver are the two most common materials used for
designing LSPR biosensors. However, gold has always been the preferred candidate of
the two, due to its stability, biocompatibility, easy conjugation to biomolecules and low
toxicity to the human body. The unique optical properties of LSPR sensors have rendered
them useful as both simple colorimetric sensors as well as refractometric sensors.

Colorimetric sensing is a relatively simple, inexpensive and sensitive method for
biological and chemical detection. In this method, shown in Figure 2.4, LSPR
nanoparticles aggregate in the presence of target molecules, causing a visible change in
color of the solution. The color change is a result of the coupling between plasmon modes
of individual nanoparticles in close proximity to one another, causing a shift as well as
broadening of its resonance wavelength. Perhaps, one of the most important applications

of this mechanism has been for the detection of specific sequences of oligonucleotides.
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Mirkin’s group were the first to report the observation of DNA hybridization using two
different 15 base pair (bp) nucleotide target probes attached to a 13nm gold nanoparticle.
Addition of the complementary 30 base nucleotide sequence results in the aggregation of
nanoparticles as the two probes attach to their complementary parts of the target, thereby
cross-linking the nanoparticles and causing the solution color to change from red to
purple [97]. The authors were further able to improve the sensor’s selectivity and
response time by employing two 5’ and 3’ target probes (12 base) attached to gold
nanoparticles [98]. This allowed them to differentiate mismatches, deletions as well as
insertions from the complete 24bp complementary target sequences. Similarly, Sato et al.
[99] reported on a non-cross-linking colorimetric method to determine the presence of
complementary nucleotide sequence. They showed that target DNA probes coated gold
nanoparticles hybridize to its complementary sequence and at high salt concentration,
induces aggregation of the nanoparticle resulting in the change in solution color. This
aggregation was not observed in the absence of the target nucleotide. The authors
reported faster reaction times (at room temperature) as compared to the cross-linking
method reported by Mirkin’s group.

Besides DNA hybridization, colorimetric sensing has also been utilized for the
detection of various other biochemical interactions. For example, Kang et al. [100] have
used the non-cross-linked aggregation method to differentiate between normal and
cancerous human breast tissues using gold nanoparticles labeled with a cationic protein
kinase C (PKC). Similarly, Chen et al. [101] developed a colorimetric label-free sensor
for the detection of thrombin, an enzyme (serine protease) involved in blood coagulation.

Using 56nm gold nanoparticles labeled with fibrinogen as probes, the authors were able
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to detect thrombin down to 0.04pM in buffer solution as well as 0.2pM in 10-fold diluted
human plasma samples, as compared to nanomolar levels of detection using other
nanomaterial and aptamer based detection methods [102]. Apart from nanoparticles,
researchers have also looked to other structures for aggregation based sensing. For
example, Hirsch er al. [103] used gold/silica nanoshells to successfully detect low (sub-
nM) concentration of immunoglobulin (IgG) in various media. The authors observed the
aggregation of anti-rabbit-IgG coated gold/silica nanoshells within half an hour of adding
target rabbit-IgG solution, with a dynamic range from 88ng/mL to 0.8ng/mL. Successful
detection of immunoglobulins was also observed in saline, serum as well as 20% whole
blood, although with a slight (20%) reduction in the sensitivity of the sensor. Further
details summarizing the various designs, methods as well as different applications of
colorimetric sensors can be found in review papers by Zhao et al. and Vilela et al. [104,
105].

LSPR sensors that do not involve aggregation of colloidal nanoparticles to determine
the presence of target analyte, may be grouped together as refractometric sensors. Such
sensors, as explained in Section 1.4, operate by examining any changes or perturbations
in the refractive index close to its surface that occurs when a target molecule binds to its
functionalized surface. Figure 2.5 displays the operating principle behind the sensing
technique. These sensors may exist either in solution phase or on a substrate. The
following section gives a brief overview on some of the most widespread applications of

refractometric LSPR based sensors.
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Figure 2.4 Schematic of a colorimetric LSPR sensing technique. (A) The functionalized
gold nanoparticles suspended in solution aggregate in the presence of the target
molecules causing a change in solution color from red to purple observed in (C), and (B)
shows the TEM image of functionalized gold nanoparticles before and after the addition
of target molecule (here cholera toxin). Images (B) and (C) reprinted with permission
from ref [106].
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Figure 2.5 Basic principle behind the refractometric LSPR sensing technique. The target
molecules in solution bind to the functionalized sensor surface causing a perturbation in
the refractive index close to its surface. The refractive index change is easily measured by
observing the shifts in the plasmon resonances of the LSPR sensor.
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2.3.1 Biotin-streptavidin interaction
Biotin — streptavidin binding is one of the most widely studied immunoassays using
LSPR sensors. Due to its small size, biotin can be easily conjugated to metal surfaces
without any significant loss in its biological activity. Streptavidin, on the other hand, is a
large tetramer molecule (M.W. ~60 kD) that exhibits extremely high binding affinity
towards biotin. Due to its high specificity and sensitivity of interaction, biotin-
streptavidin is often employed as a model for analyzing the sensor’s performance,
especially with respect to other LSPR based sensors. For example, Nusz et al. used
biotin-streptavidin interaction to compare their single gold nanorod based sensor to
previously described gold nanoparticle based sensor [107]. The gold nanorods,
synthesized in solution, were coated with biotinylated bovine serum albumin (BSA) and
immobilized on a glass substrate. The LOD for this system was measured to be 1nM and
found to be 1000-times lower than the detection limit for a single Au nanoparticle based
affinity biosensor, developed by Raschke ef al. [14]. Similarly, biotin-streptavidin system
was employed by Chilkoti’s group to separately study the sensing characteristics of
assemblies of gold nanorods as well as nanoparticles adsorbed on a silanized glass
substrate. Once again, lower limits of detection were observed for nanorod (94pM) [108]
compared to nanoparticle based devices (94nM) [109]. These experiments provided
substantial proof that compared to spherical nanoparticles; nanorods exhibit higher
sensitivity and LOD.

In addition to nanorods and nanospheres, streptavidin-biotin receptor ligand assay
have also been employed to demonstrate sensing performances of other complex

nanostructures. For example, Haes er al. [110] utilized this system to test the biosensing
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capabilities of triangular silver nanoparticles fabricated using nanosphere lithography
(NSL) on a glass substrate. The authors estimated the LOD of streptavidin to be less than
IpM using this LSPR sensor. Besides using biotin-streptavidin for testing sensors of
different shapes and sizes, it has also been used to show improved sensitivities and
detection limits in sensors. For instance, Fredrik Ho6k’s group [95] demonstrated that
selective binding of neutravidin (similar to streptavidin) to the highly sensitive areas (i.e.,
the walls) of Au nanohole based sensor improves its sensitivity as well as allows for a
faster detection time as compared to when the entire surface is used for sensing. The
same effect was also observed in case of coupled nanoparticles based sensors. Controlled
binding of neutravidin to gaps between the gold nanodisks, also referred to as hot spots
for the strong localized electric fields observed at these regions, improved the signal
obtained per bound molecule by a factor of 4 compared to using single gold nanodisks for

binding interactions [61].

2.3.2 Cancer diagnostics

Perhaps one of the more important applications for LSPR biosensors has been in the field
of cancer diagnosis. According to the American Cancer Society, roughly 13 million
people were diagnosed with cancer worldwide in 2010 [111]. This number is anticipated
to increase to more than 20 million by 2020. Therefore, there is a growing need to
discover novel ideas and techniques for the prevention, diagnosis and effective treatment
of cancer. Researchers, over the past decade, have extensively looked into the field of
nanotechnology as an alternative means for the detection and treatment of cancer [112].
Techniques like localized surface plasmon resonance have proven effective in facilitating

growth in areas such as diagnosis and treatment of cancer. LSPR nanostructures have
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enabled enhanced treatment of cancer; through both targeted drug delivery and
photothermal therapy. This technique allows several advantages over the current methods
including improved drug delivery through specific targeting of cancerous cells in the
body, thereby reducing side-effects. Huang et al. [113] and Dreaden et al.[114] provide a
good review of the various ways LSPR devices are being employed in the area of cancer
treatment and therapy.

In addition to therapy, LSPR nanoparticles have been thoroughly studied as biosensors
for both in-vitro and in-vivo cancer diagnosis. Low detection limits exhibited using this
method makes it an attractive candidate as sensors for early cancer diagnosis. Rapid and
early detection is an important parameter to consider when exploring new methods for
cancer screening, as early detection greatly improves the patient’s prognosis. LSPR
sensors provide a simple, rapid and sensitive method to detect cancer biomarkers in low
solution volumes. It can be used for detecting any kind of cancer, provided the
appropriate biomarker as well as its specific antibody is available.

Table 2.1 provides an overview of the LSPR biosensors utilized for the detection of
various cancer biomarkers. LSPR nanostructures of various shapes and sizes have been
employed for the ultra-sensitive and label-free detection of various cancer biomarkers
including breast, prostate and lung. The detection limits obtained through this method are
far better than some of the commercially available techniques. For e.g., the nanorod
based sensor developed by Sim and co-workers [115] utilize single particle spectroscopy
as well as improved surface immobilization procedures to detect extremely low
concentrations (~1aM) of prostate specific antigen (PSA), a biomarker used in the

screening of prostate cancer.
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Table 2.1 Summary of various nanoparticle based LSPR sensors in literature used for the
detection of different kinds of cancer antigens.

Particle/Type Cancer type Biomarker LOD Reference
Au nanorod Prostate PSA (Prostate | 111 aM Truong et
Single Specific Antigen) al.[116]
Au nanorod Prostate PSA 1 aM Truong et
Single al.[115]
Au nanoparticle | Prostate PSA 0.1 pg/mL Caoetal [117]
Single
Ag nanotriangles | Head &Neck | p53 protein Zhou et al.[42]
Ensemble squamous  cell
carcinoma
Ag nanotriangles | Ovarian HE4 (Human | 4 pM Yuan ef al.[118]
Ensemble Epididymis secretory
protein 4)
Au nanorods & | Breast CCL2  (chemokine | 0.099 pg/mL | Roche et al.[119]
nanoparticles ligand 2)
Ensemble
Au nanoparticles | Head &Neck | IL-6 (interleukin-6) 10 pg/mL Munge et al
squamous cell [120]
carcinoma,
colorectal,
gastrointestinal,
prostate
Au oval shaped | Breast SK-BR-3 cell lines 100 cells/mL | Lu et al.[121]
nanoparticles
Ensemble
Hollow Au | Lung CEA 1 pg/mL Chon et al. [122]
nanospheres (Carcinoembryonic
Antigen)
Hollow Au | Breast HER2 (Human | N/A Lee et al. [123]
nanospheres epidermal growth
factor)
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2.3.3 Other bio-molecular examples
Besides its application in cancer diagnosis, LSPR sensors have also been employed for
the sensitive detection of various other diseases and viruses. Van Duyne and co-workers
[124] reported using NSL fabricated triangular silver nanoparticles on a glass substrate as
biosensors for the possible detection of Alzheimer’s. The sensor surface was
functionalized using ADDL (Amyloid B-derived diffusible ligands), a potential biomarker
known to exist in elevated forms in autopsied patients brain samples, and then exposed to
varying concentrations of anti-ADDL antibody while recording changes in the extinction
spectra. The authors also reported on increased effect of non-specific binding at low
concentrations (~10mM) of anti-ADDL due to the presence of the underlying Cr layer
that was used to improve adhesion between silver and glass. Another group, in 2008,
described an LSPR sensor for the selective and sensitive detection of tau protein, another
biomarker for Alzheimer’s disease, using a ‘multi-spot nanoparticle’ chip [125]. The
sensor comprised of chrome and gold thermally evaporated on the glass substrate. This
was followed by addition of silica nanoparticles on its surface and a final evaporation of a
thin gold film over the particles surface. This robust and reproducible fabrication
technique was developed to simulate the formation of gold-silica core-shell nanoparticle
monolayer on the substrate, thereby circumventing any complicated chemistry associated
with depositing monolayer of colloidal core-shell particles. The detection limit for the
sensor was reported to be as low as 10 pg/mL.

Similarly, Lai et al. [126] utilized LSPR sensor for the detection of micro-albuminuria,
a monomeric protein, which can help identify patients at high risk for cardiovascular

events. Unlike other commercially available methods (e.g., high performance liquid
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chromatography (HPLC)) that are time-consuming and labor intensive, LSPR technique
offers a simple, rapid and label-free method for urinary albumin detection in clinical
environment. Triangular Ag nanoparticle, fabricated using NSL, and functionalized with
anti-albumin antibodies (10 pg/mL) were used as sensing device. Urine samples, taken
from pre-eclampsia patients, were diluted by a factor of 1000 with PBS before using the
samples for LSPR analysis. Using this device, the authors reported a dynamic range from
Ing/ml to 1pg/ml for albumin proteins in PBS solution.

LSPR nanosensors have also been exploited for the highly sensitive detection of HIV -
1 virus with a detection limit as low as 200 fg/mL [127]. Like cancer, rapid detection of
HIV is important for the long term well-being of the patient. The sensor consisted of Au
nanodots fabricated on an ITO coated glass substrate through electrochemical deposition
with monoclonal HIV-1 antibodies coupled to its surface through gold-thiol interaction.
The specific binding of HIV-1 virus like particles to the sensor surface was monitored
through absorbance measurements. Compared to conventional methods of detection for
HIV-1 virus, LSPR sensors are highly sensitive, require almost zero preprocessing steps
and low sample volume solutions. The authors also compared it to an angular SPR setup
using Au surface and found it to less sensitive compared to LSPR sensor (LOD ~
25pg/mL). Besides HIV virus, LSPR sensors have also been used for the detection of
various other diseases. For e.g., Wang er al. [128] utilized the longitudinal mode of
colloidal gold nanorods for the detection of Hepatitis B (HB). The HB antibodies were
directly adsorbed onto the gold surface followed by the addition of BSA to block any
active sites. The LOD for HB antigens using the sensor was measured to be 0.01 TU/mL

with a dynamic range extending from 0.01 to 1 IU/mL.

50



The various examples mentioned above provide an overview of the different
applications of an LSPR based sensor. Majority of research being done in this field
investigates ways and means to improve LSPR sensors in terms of its sensitivity or
detection limits. Despite the progress made in this area, far less work has been done in
tackling the problem of non-specific interference prevalent outside laboratory
environments. Biological samples, e.g., serum and plasma samples, consist of molecules
other than the target molecule of interest that can potentially interact with the sensor
surface, resulting in inaccurate concentration measurements of target molecule.
Therefore, interference compensation is essential for use of LSPR sensors in clinical
settings. The following chapters provide a brief review of the interference compensation
schemes employed by various groups as well as demonstrate, both numerically and
experimentally, our research effort in developing multi-mode LSPR sensors to

distinguish target analytes from various non-specific interferences.

Copyright © Neha Nehru, 2014
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Chapter 3

Differentiating Surface and Bulk Interactions using Dual Mode Sensor

3.1 Background

Localized surface plasmon resonance based sensors for applications in biochemical
interactions have been widely studied over the past decade. Due to its enhanced electric
field profile at plasmon resonance as well as its ability to provide a kinetic response,
LSPR sensors have been employed majorly for the detection of antibody-antigen
interactions. However, the major challenges faced by LSPR sensors, that also plague any
immunoassay based biosensor, involve its susceptibility to various interference
interactions.

The fundamental sensing mechanism of surface plasmon based sensors, as mentioned
in previous chapters, involve measuring refractive index changes due to the binding of
target molecules on their functionalized surface. This change in refractive index is
directly measured from the shift in the resonance wavelength in their absorption or
scattering spectra [87]. This technique possesses several advantages over the widely used
and commercially available propagating surface plasmon resonance sensors, including
greater field enhancement at the metal surface, significantly reduced sensing volumes and

extensive resonance wavelength tunability [60, 129, 130].

In spite of all their advantages, LSPR sensors suffer from the same problems inherent
in immunosensors that detect target analyte in solution by measuring localized refractive

index changes close to the sensor’s surface [131]. In particular, these sensors cannot
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distinguish specific target interactions from non-specific interfering effects. These effects
include variations in the solution refractive index and non-specific binding between the
sensor and non-target molecules. These interactions can compromise the measurement of
the target analyte in a complex unknown media and hence limit the applicability and
impact of LSPR sensors.

Various groups have investigated techniques to compensate for interfering interactions
in propagating SPR sensors. For example, Homola et al. [132] developed a dual-channel
SPR sensor that can compensate for small changes in non-specific binding provided they
have the same effect on both the channels. However, using separate channels for
reference and sensing makes the system more complex and less accurate. Hastings et al.
[133] and Slavik et al. [134] introduced an improved technique utilizing multiple surface
plasmon waves present on the same sensing channel to distinguish background
interfering effects with surface binding interactions. This dual-mode sensing approach
performs sensing and interference compensation at the same sensing channel, thereby
eliminating any errors associated with multi-channel sensing.

Even though significant advances have been made to provide reference compensation
in propagating SPR sensors, the same cannot be said for localized SPR sensors. In a
somewhat related effort, Irudayaraj and co-workers utilized a multi-probe sensing
technique to detect two different target analytes in solution [49]. Gold nanorods with
aspect ratio 2.0 and 3.2 were functionalized with different ligand molecules and used for
the simultaneous detection of E.coli and S.typhimurium pathogens. Despite all the
advances made in improving its sensitivity and detection limits, there has been a notable

absence of efforts to make LSPR sensors more immune to interfering effects. To address
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this problem we investigated a self-referencing technique that utilizes the multiple
plasmon modes of a metallic nanostructure to distinguish target analyte from non-specific
interactions. This body of work was inspired from dual-mode sensing technique
employed for propagating SPR sensors described above.

SPR sensors, in their most basic form, measure only a single parameter, i.e., change in
the resonance wavelength, that allows them to measure only one unknown quantity.
Therefore, they cannot distinguish between specific target binding and other non-specific
effects. Various LSPR sensors discussed in Chapter 2 that do support multiple surface
plasmon modes, e.g., nanorods, triangular nanoparticles etc., only utilize its strongest
resonance mode to measure antigen-antibody interactions. This work demonstrates that
utilizing the various modes of complex nanostructures can optically compensate for non-
specific interactions and allow the binding of target molecules to be measured separately.
For example, to differentiate solution refractive index changes from surface binding
interactions one would require nanostructures that support at least two surface plasmon
modes. Ellipsoidal or rod-like particles are some of the simplest structures that exhibit

two plasmon modes.

3.1.1 LSPR in elliptical nanoparticles

As explained in the previous chapters, LSPR is the result of collective oscillation of
conduction electrons inside a metal nanoparticle with respect to the positive ions. In case
of an elliptical nanoparticle, that can be imagined as a spherical nanoparticle elongated
along one direction, the conduction electrons can oscillate in three different directions
depending on the direction of polarization of the incident electric field [135]. Figure

3.1(a) displays the modes of oscillation of a prolate shaped elliptical nanostructure, also
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known as a nanorod. The transverse mode, or high frequency mode, arises when the
electric field of the incident electromagnetic wave is parallel to the short axis of the rod
and the longitudinal mode, or low frequency mode, appears when the incident field is
parallel to the long axis of the rod. Consequently, the spectrum of an ellipsoidal particle
consists of two separated resonances in which the longitudinal mode appears at a higher
wavelength (or lower frequency) as compared to the transverse mode in the
electromagnetic spectrum. This can be explained intuitively by considering the restoring
forces for the two resonance modes [136]. The smaller restoring force for longitudinal
mode is a result of increased charge separation between the positive ions and its surface
electrons. The spectral position of the transverse resonance mode coincides with the
plasmon resonance of a spherical nanoparticle of the same size. Figure 3.1(b) also

displays the absorption cross section for a typical nanorod based structure.
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Figure 3.1 (a) Schematic of the two plasmon oscillation modes for a nanorod based
structure, showing the displacement of conduction electron charge cloud relative to the
nuclei, and, (b) Absorption cross-section of a gold nanorod with an aspect ratio(R) of 2
calculated using electrostatic approximation.
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The optical properties of ellipsoidal nanoparticles in quasitatic approximation are very
similar to that of spherical nanoparticles. Absorption and scattering cross-sections can
still be calculated using (1.9) [12]. However, to accommodate for its anisotropic shape,
the dipolar polarizability in the above equations is modified to include shape dependent

depolarization factors, Li —

Em — &a
=V
Li(Sm + Ed) + Ea

a; (3.1)

where V denotes the volume of the elliposid, &ém and &q the permittivity of nanorod and its
surrounding medium and i defines its resonances mode. L; is a function of the
nanoparticle’s aspect ratio (R), defined as the ratio of its long axis to short axis, and in

the case of prolate like ellipsoidal particles, can be calculated as —

1 —e? 1 1+e
b=l =~ (-4 5 (1))

3.2)
L2=L3=LT=1_2LL

where e = 1 — 1/R? specifies the nanorod’s ellipticity. Localized plasmon resonance for

a nanorod occurs at frequencies for which the following condition is met—

Em = —&4 (1 + %) (3.3)

l

Both Cabs and Csca exhibit strong enhancement around the two resonance modes with the
longitudinal mode showing greater absorption and scattering as compared to the
transverse mode. The electric field enhancement at the longitudinal plasmon resonance of
a nanorod is orders of magnitude higher than what can typically be obtained for a
spherical nanoparticle [137]. Figure 3.2 displays the E-field enhancement obtained at the

longitudinal resonance mode of a silver nanorod as well as a spherical nanoparticle.
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Figure 3.2 (a) Electric field enhancement at longitudinal plasmon resonance mode for a
silver nanorod with R of 3.4 and an effective radius of 1.5nm, and (b) Electric field
enhancement for a 30 nm radius silver nanoparticle at its surface plasmon resonance
wavelength. Adapted with permission from [29, 137]

The LSPR of a nanorod is highly dependent on its size [138]. Figure 3.3 displays the
extinction spectra of gold nanorods with different aspect ratios. As seen in the figure, the
longitudinal mode strongly depends on the size of the nanorod, red shifting with
increasing R. The transverse mode, on the other hand, shows no appreciable change with

increasing aspect ratio. Thus, the longitudinal plasmon resonance wavelength of nanorods
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can be easily tailored from visible to near-IR, providing easier and improved tunability
compared to various other nanostructures. This ability of nanorods to easily tune its
plasmon wavelength, combined with the presence of a highly enhanced E-field around its

surface make it extremely useful for biochemical sensing applications [37, 108, 139].
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Figure 3.3 (a) Electrostatic extinction CS for a range of Au nanorods in aqueous solution
using electrostatic approximation. The short axis of the nanorod is constant at Snm and
the long axis ranges from 10 to 40nm, and, (b) Linear shift of longitudinal wavelength of
the nanorods with increasing R.
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3.1.2 Principle of Operation
If it is assumed that the two resonances of the metal nanorod are linearly related to the
surface coverage of the bound analyte and to changes in the solution refractive index, the
shifts in the longitudinal and transverse surface plasmon resonance can be expressed as —
AL, = Sg Ang + S5 ACs
(3.4)
AAr = SprAng + SsrACs
where Ssr and Ssz are the surface binding sensitivities, Sgr and SgL. are the bulk refractive
index sensitivities for transverse and longitudinal resonance modes respectively. ACs and
Ang denote the surface coverage of the adsorbed layer and refractive index change
respectively. If the bulk and surface sensitivities and the resonance wavelength shifts are

known, the surface coverage and bulk index changes can be calculated directly from the

following equations —

Ad, _AAp

SSL SST

Anp = 25 OST
B SpL_ Ser
Ssi. Ssr

3.5

Ad, _AAp

SBL SBT

ANC; = =———
57 S _ Ssr.
SBL SBT

Simple calculations using the electrostatic approximation for a core shell ellipsoidal
structure in a homogenous medium were performed to demonstrate the self-referencing
capability of nanorod based sensors. Figure 3.4 verifies that the plasmon resonances in
gold nanorod shifts by different amounts for bulk and surface changes and thus, can help
separate the two effects. This chapter shows, through biosensing experiments, that the
two resonances of a gold nanorod can be used to differentiate between bulk and surface

interaction in a biosensor.
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Figure 3.4 Calculated absorption cross section for silver ellipsoids in water with 50nm by
I15nm by 15nm semi-axis. The change in absorption is shown due to change in solution

refractive index by 0.05 RIU (An) and adsorption of 3 nm thick surface layer (Ad). Inset
gives a zoomed in view of the wavelength shifts due to the two effects.

3.2 Sample Preparation

3.2.1 Materials

Indium Tin Oxide (ITO) coated glass substrates with resistivity of 15-30 Q/m? were
purchased from SPI supplies (West Chester, PA) and used as substrates. Gold (99.99%)
sputtering target was purchased from Kurt J. Lesker (Jefferson Hills, PA). The resist,
polymethyl methaacrylate (PMMA) was obtained from MicroChem (Newton, MA).

Methyl IsoButyl Ketone (MIBK), N-methyl pyrrolidone (NMP), glycerol, acetone,
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isopropyl alcohol (IPA) and ethanol were obtained from Fisher Scientific (Pittsburg, PA).
Streptavidin and N-(6-[biotinamido]hexyl)-3'-(2’-pyridyldithio)propionamide (Biotin-
HPDP) were purchased from Pierce Biotechnology (Rockford, IL). Tris-buffer saline
solution (TBS) was generously provided by Dr. Yinan Wei’s laboratory at the University

of Kentucky.

3.2.2 Sensor Fabrication

Gold nanorods were fabricated on an indium tin oxide (ITO) coated glass substrate. The
substrate was first pretreated by sonicating in acetone, ethanol, isopropyl alcohol (IPA)
and DI water for 5 minute each. The sample was then pre-baked at a temperature of
150°C for 3-5 minutes on a hot plate. This is done to ensure that the substrate is
completely dry before proceeding to the next step. The substrate was allowed to cool
down before spin coating it with 2% 950K PMMA dissolved in anisole, an electron beam
sensitive positive resist at 1200rpm for 30 seconds. After spin coating, the substrate was
again placed on a hot plate at 200°C for 3-5 minutes to harden the e-beam resist and
evaporate any solvent that may be present on the substrate surface. This step is generally
identified as soft-bake in the lithography process.

Gold nanorods were fabricated on the PMMA coated ITO substrate using Raith
e_LiNE electron beam lithography tool (Raith Gmbh). Selected areas of the resist coated
substrate were exposed to electron beam to pattern arrays of single pixel lines with a
range of lengths and doses. Table 3.1 provides the e-beam exposure parameters used for
writing arrays of nanorods. The pitch size within each array was kept constant at 1pum.
The exposed areas of the substrate were developed by immersing the sample in a solution

containing 1:3 ratio of MIBK and IPA for 30 seconds. The sample was then washed in
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IPA and air dried. A 30 nm thin gold layer was then sputtered at the rate of 1.5 A/sec on
the developed ITO substrate. Finally, the remaining PMMA resist was stripped off by
immersing the sample in 70°C NMP solution followed by washing the substrate in

ethanol.

Table 3.1 Electron beam lithography exposure parameters used for writing nanorods on
ITO substrate.

Primary Beam Energy 10keV

Aperture 30 pm

Line Dose 330 pC/cm

Line Step-size 4 nm

Dose Range 1 to 4 in intervals of 0.5
Working Distance 7 mm

3.2.3 Optical Characterization

Figure 3.5 illustrates the experimental setup used for measuring the scattering spectra
from the arrays of nanorods. The apparatus was built around a Zeiss Axiovert 405M
inverted microscope (Carl Zeiss Inc.). Light from a 100W halogen lamp was incident on
the substrate through a 20X dark field infinity corrected objective with a Numerical
Aperture (NA) of 0.5. Light scattered from the nanorods was collected using the same
objective and directed to a port containing an adjustable aperture and a Glan Taylor
polarizer (Thorlabs Inc.). The aperture suppresses scattered light from any other source
on the sample allowing only the light scattered from the selected area to pass through.

The scattered light was dispersed using an Acton SP-150 spectrograph (Princeton
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Instruments) fitted with a 150 lines/mm grating. The dispersed light was measured using
a thermoelectric cooled CCD camera (PIXIS 256, Princeton Instruments). All spectra

were normalized to scattering from the bare substrate.
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Figure 3.5 Schematic of the optical setup used for scattering measurements.

3.3 Biosensing Experiment

Biotin-streptavidin bio-sensing experiment was implemented to test the bulk referencing
capability of the nanorod based sensor. The sample was incubated with 200 uM Biotin-
HPDP in a 10 mM phosphate buffer solution with a pH of 7.2 at room temperature

overnight for biotin labeling. The coated surface was rinsed with deionized water and air-
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dried. The sensor was then clamped in a custom made acrylic flow cell with fluorinated
ethylene propylene (FEP) coated channels. It was then placed on the microscope stage
and the scattering measurements were recorded using custom software scripted in
LabView (National Instruments). Solutions were introduced to the sensor surface through
polytetrafluoroethylene (PTFE) tubing at a constant flow rate of 500 pl/min using a low
pulsation peristaltic pump (Ismatec). A 50 mM Tris buffer (pH=8.0) solution was used as
the baseline to carry out the sensing experiments. The buffer solution was modified by
adding either 50% (w/v) glycerol to change the background refractive index by

Ang=0.068 or 0.2 mg/ml streptavidin to provide a surface binding interaction.

3.4 Results and Discussions

Gold nanorod arrays were fabricated on an ITO coated glass substrate using the electron
beam lithography process described previously. The ITO coating mitigated charging
during electron beam exposure and also improved adhesion of the gold compared to
uncoated BK7 glass substrates. As a result, no additional adhesion layer, such as Ti or
Cr, was required. Figure 3.6(a) shows a representative scanning electron micrograph of
such arrays with a gap size of 1 um. The approximate in-plane dimensions of the
nanorods are 140 nm by 85 nm and 180 nm by 80 nm respectively. The thickness of gold
nanorods is confirmed to be 30 nm through AFM measurements as shown in Figure

3.6(b).
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Figure 3.6 (a) SEM images of nanorod arrays of sizes 140nm by 85nm (left) and 180nm
by 80nm (right) and a pitch size of 1um fabricated using electron beam lithography, and,

(b) AFM measurement displaying the height of the naorods to be approximately 30nm.
Inset in (b) shows the area scanned for measurement.
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Spectral profile of the fabricated gold nanorods were measured using the optical
spectra. The corresponding normalized visible-NIR scattering spectra of nanorods of size
141 nm by 67 nm is shown in Figure 3.7(a). Figure 3.7(b) shows the longitudinal
scattering spectrum of the nanorods obtained when the electric field is polarized along its
long axis. Similarly, the transverse spectrum, seen in Figure 3.7(c) is measured when the
field is polarized along the short axis of the nanorods. The dependence of the transverse
and longitudinal resonance wavelengths to the surrounding medium can be seen in Figure
3.8(a,b). Both the transverse and longitudinal resonances red shifts with increase in the
medium refractive index (7imed) from air (meq=1) to water (nmeq=1.33). Scattered light
was collected from an area containing approximately 80 nanorods. Similarly, Figure
3.8(c) shows the dependence of the plasmon resonances to change in the size of gold
nanorods. The unpolarized scattering spectrum clearly shows that the longitudinal mode
strongly depends on the size of the nanorod, red shifting with increasing nanorod size,

while the transverse mode only shows a slight increase in its scattering intensity [135].
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Figure 3.7 Normalized scattering spectra of an array of gold nanorods of size 141 nm by
67 nm under the following conditions (a) when light is unpolarized, (b) when light is
polarized along the short axis of the rods, and (iii) when light is polarized along the long
axis of the rods.
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Figure 3.8 Shift in (a) transverse and (b) longitudinal plasmon resonances for an array of
gold nanorods of size 110 nm by 54 nm with a change in surrounding refractive index
from air (nq = 1) to water (nq = 1.33) and, (c) unpolarized scattering spectra for nanorod
arrays with increasing size of its long axis.
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3.4.1 Bulk interference compensation

To prepare the plasmon resonance based sensor for biosensing interaction, the surface of
the gold nanorod arrays was functionalized with Biotin-HPDP. Figure 3.9(a) shows the
chemical structure of the molecule labeled with biotin. The disulfide group in Biotin-
HPDP reduces to sulfhydryl groups that binds to the gold nanorod surface resulting in a
biotin terminated self-assembled monolayer [140]. Figure 3.9(b) gives a schematic
illustration of the functionalized gold nanorod sensor.

The functionalized gold nanorod sensor was clamped inside a flow cell and then
placed on the microscope stage as shown in Figure 3.9(c). Solutions containing glycerol
and streptavidin were then introduced onto the sensor surface through the flow cell.
Figure 3.10(a) and (b) display the response of the longitudinal and transverse modes of
the sensor through such a process. Buffer solution was first introduced into the flow cell
to stabilize the resonance wavelengths as well as to provide a baseline for the experiment.
Exposure of the gold nanorods to the glycerol solution produces an expected red shift in
its longitudinal and transverse resonances. As seen in the figure, the resonances blue shift
back to their baseline values as soon as buffer solution is reintroduced onto the sensor
surface. Exposure to 0.2 mg/ml streptavidin solution causes the resonances to red shift as
streptavidin binds to the biotin coated sensor surface. This is followed by reintroducing
the buffer solution to remove any unbound or physisorbed streptavidin. The plots clearly
show that the longitudinal and transverse resonances shift by different amounts with

surface and bulk interactions and thus can help differentiate the two effects.
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Figure 3.9 (a) Structure of Biotin-HPDP, (b) Schematic of gold surface labeled with
biotin through its spacer arm, and (c) Image of the optical setup modified for biosensing
experiment. Notice the flow cell containing the sample sitting on the microscope stage.
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Figure 3.10 (c) and (d) show the bulk refractive index change and relative surface
layer thickness as functions of time calculated using the model described in (3.5). There
is a small amount of crosstalk between the two modes that leads to a small bulk index
error for times greater than 2500 s, as shown in Figure 3.10(c). This can likely be
attributed to the calibration errors, small baseline drift, or nonlinearity in the sensor
response. More interestingly, there are dynamic effects which lead to large spikes in the
surface coverage estimates during solution index changes as can be seen in Figure
3.10(d), when the solution is switched from pure buffer to buffer with glycerol. These
dynamic effects were also observed with a similar gold nanorod array sensor (Figure
3.11). It should be noted that in both sets of data, this effect is only present when there is
an abrupt shift in the resonance wavelengths as witnessed in Figure 3.10(a) and (b) when
the solution is changed from buffer to buffer with glycerol. No such effect is observed
when the resonance wavelengths shifts gradually which occurs during the introduction of
streptavidin with buffer solution. From a practical standpoint, these dynamic errors may
or may not be acceptable depending upon the rate of change of the bulk index.

The bulk sensitivities for the longitudinal and transverse modes of the nanorod sensor
were calculated using the linear model and found to be 145 nm/RIU and 55nm/RIU
respectively. Although it is difficult to quantify the surface concentration of streptavidin,
we can evaluate the ratio of the surface sensitivities for the longitudinal and transverse
mode. The ratios of bulk and surface sensitivities and the figure of merit for the nanorod

sensor were calculated to be Sgi1/Spt = 2.6, Ss1/Sst= 3.5 and y = 0.88.
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Figure 3.10 Sensor response of biotin functionalized gold nanorod array to streptavidin
binding. (a,b) Shift in transverse and longitudinal resonance wavelength versus time.
(c,d) Bulk refractive index and relative surface layer coverage calculated from (a,b). The
solutions were introduced through the flowcell in the following order: (1) buffer, (2)
buffer with 50%(w/v) glycerol, and (3) buffer with streptavidin. Adapted from [141]

To further validate the response of gold nanorods to bulk and surface interactions we
conducted the same sensing experiment on similar sized nanorod array also fabricated
using electron beam lithography. Figure 3.11(a) and (b) displays changes in the
transverse and longitudinal resonance wavelength while Figure 3.11(c) and (d) shows the
calculated bulk refractive index and surface changes. As expected, we see large spikes in
Figure 3.11(d) when the solution is changed from buffer to buffer with glycerol. The bulk

sensitivities calculated using the linear model for this sensor are 240 nm/RIU and 150
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nm/RIU for longitudinal and transverse resonance modes respectively. The ratio of bulk
and surface sensitivities along with the figure of merit was found to be 1.6, 1.3 and 0.25
respectively. The disparity in the sensitivities and figure of merit values measured for the
two nanorod arrays could be the result of different end shape geometries as the second

array exhibited a more rectangular shape and poorer quality liftoff.
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Figure 3.11 Sensor response of biotin functionalized gold nanorod array to streptavidin
binding. (a,b) Shift in transverse and longitudinal resonance wavelength versus time.
(c,d) Bulk refractive index and relative surface layer coverage calculated from (a,b). The
solutions were introduced through the flowcell in the following order: (1) buffer, (2)
buffer with 50%(w/v) glycerol, and (3) buffer with streptavidin. Adapted from [141]
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The surface limit of detection (LOD) at three standard deviations for the nanorod array
sensor, in terms of fractional surface coverage of streptavidin, was calculated to be
0.1595. This value is considerably higher than that of a traditional dual mode SPR sensor
[133], but the sensing volume is dramatically smaller. The ratio of sensitivity to the full
width at half maximum (FWHM) of the resonance, which is a common figure of merit for
single mode sensors and is indirectly related to LOD, was determined to be 1.9.

The longitudinal mode bulk sensitivity for the sensor is somewhat lower than those
measured by Mayer et al. [65] and Chen et al. [32] for chemically synthesized gold
nanorods. On the other hand, FOM of the sensor is higher than the value reported by
Mayer et al. In each case, the aspect ratio of the rods varied from the gold nanorods
described here, a factor which can significantly impact the sensitivity. It should be noted
that the structures used in these experiments have not yet been optimized to obtain the
lowest limits of detection, but still clearly demonstrate that a nanorod array based sensor

can differentiate surface interactions from bulk index changes.

3.5 Conclusions

This chapter demonstrates that the two localized surface-plasmon resonances of a gold
nanorod can compensate for changes in the background refractive index and allow
surface binding of the target analyte to be measured separately. These sensors exhibit
comparable performance to other nanorod LSPR sensors with the added benefit of bulk
index compensation. When compared to traditional SPR sensors based on propagating
surface plasmons, these sensors offer dramatically reduced sensing volume, but will

require further optimization to achieve similar figures of merit and limits of detection.

Copyright © Neha Nehru, 2014
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Chapter 4

Interference Compensation using Multi-mode LSPR Sensors

4.1 Background

As shown in the previous chapter, nanostructures with two surface plasmon modes may
be utilized to distinguish the refractive index changes in the bulk solution from the
surface target binding interaction. The various surface plasmon modes are the result of
the collective oscillation of conduction electrons within anisotropic metal nanostrucutres
[138]. The longitudinal and transverse modes of the nanorod, with electric field profiles
localized at different regions on the sensor surface allows one to separate the bulk
solution changes from the surface binding interactions. However, a fully self-referencing
sensor should be also be able to distinguish a target binding interaction from non-specific
interfering binding interactions. Interference due to non-specific adsorption of non-target
molecules is a very prominent problem in immunoassays [142]. These non-specific
molecules can adsorb on the sensor surface resulting in reduced sensitivities as well as an
erroneous analysis of the molecule of interest.

Various techniques have been examined to reduce the effect of non-specific adsorption
in immunoassays, especially in complex solutions like serum and blood plasma. Choi et
al. suggested several methods to reduce non-specific binding in microfluidic biosensors.
The authors displayed experimentally that using a short chain as opposed to a long-chain
thiol linker molecule on a polycrystalline gold surface helps reduce non-specific

adsorption [143]. Various other parameters like the surface roughness and crystal
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orientation of the metal were also shown to affect the amount of non-specific binding on
the sensor surface. A different method employed by Uludag er al. [144] made use of
sandwich assay technique as opposed to a direct assay technique to detect target analyte
in undiluted serum solution. This technique allowed the authors to detect very low
concentrations (8.5pM) of prostate specific antigen (PSA) using antibody-modified 40
nm gold nanoparticle.as the secondary antibodies in high serum concentrations. But
perhaps the most widely employed method to prevent non-specific binding in SPR
sensors involve the use of molecules like bovine serum albumin (BSA), casein,
polyethylene glycol (PEG) etc. to block the non-specific binding sites on the sensor [145,
146]. These blocking molecules physically adsorb on the sensor surface regions that are
not coated with receptor molecules, as shown in Figure 4.1. However, the presence of
such molecules results in a reduction in the sensitivity of the sensor and may not be the
best way to deal with non-specific binding. These and various other pre-processing steps
do not completely eliminate the sensor’s response to interfering molecules. Multi-mode
sensors seek to circumvent blocking steps by optically addressing the problem using the
multiple modes of a complex structure to compensate for non-specific binding as well as
bulk solution interference.

A fully self-referencing optical sensor requires at least three surface plasmon modes to
simultaneously measure refractive index of the sensing solution, specific binding of target
molecules and non-specific binding of interfering molecules. The three modes should
exhibit localized electric field profiles at different regions of the sensor surface as well as

different field decay lengths to be able to differentiate between the various effects. A U-
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shaped nanostructure is one such structure that exhibits the above mentioned

characteristics.

target

T

\__blocking

molecule

Figure 4.1 Schematic illustrating the use of blocking molecules to avoid non-specific
adsorption on the sensor surface.

U-shaped structures are inspired from the widely used split-ring resonator (SRR)
based structures. These structures have been extensively studied for use as metamaterials
[147, 148] and to a somewhat lesser extent as refractive index sensors [149, 150]. Due to
its anisotropic shape, the structures exhibits different resonance modes for different
incident field polarization [151-153]. A typical U-shaped structure, as shown in Figure
4.2(a), supports at least three surface plasmon modes depending on the electric field
polarization either parallel to or perpendicular to the gap of the nanostructure. Figure
4.2(b) illustrates a typical scattering spectra obtained from U-shaped gold nanostructures.

Various groups have investigated the different modes associated with U-shaped
nanostructure through both experiments and numerical analysis. Enkrich et al. [154] and
Rockstuhl et al. [152] provide a thorough analysis on the dependence of the resonance

modes of the structure to its various structural parameters including among others, gap
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width, arm length & thickness and base length & thickness. However, most of the U-
shaped structures investigated have been micron-scale particles with resonance
wavelengths ranging from low to mid-IR range. Klein et al. [155] were among the first
group to experimentally design and analyze a scaled down version of U-shaped structures
with resonance wavelength in the near-IR range. Rockstuhl ef al. [153] numerically
explained the various resonances associated with the U-shaped structures in terms of
plasmonic resonances of increasing order of the whole structure instead of the magnetic
resonance of an LC resonant circuit as had been the case previously [148, 156]. Zhang et
al. numerically compared a silver U-shaped nanostructure to a parallel nanorod based
structure using DDA [157]. The authors observed that even though the two structures are
horizontally symmetric, the extinction spectra of a U-shaped structure displays a higher
number of resonant peak with larger electric field enhancements for the same incident
electric field polarization. The presence of a large number of hot spots in the U-shaped
nanostructure make them extremely useful for applications in sensing and SERS.

Chang et al. [158] were among the first group to study SRR based structures for
sensing applications. The authors investigated, both numerically and experimentally, the
sensing characteristics of the various modes of the SRR structure. They measured the
reflectance spectra after applying dielectric layers of various thicknesses over the sensor
surface to measure the sensitivity and detection range of the various modes of the
structure. Pryce et al. [150] further designed coupled SRRs with resonance wavelengths
in the near-IR to IR wavelength range on a PDMS substrate to investigate its sensitivities

and figures of merit Liu et al. [159] were the first group to study the transmission and
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sensing properties of a complementary SRR based nanoscale structure with resonances in

the visible wavelength range.
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Figure 4.2 (a) Schematic of a U-shaped structure. The parameters {x and {4 represent the
horizontal and vertical lengths of the nanostructure and wy and dg4 define its gap width
and height respectively, and, (b) Typical scattering spectrum obtained from U-shaped
gold nanostructures with £x = 125nm, 0y = 125nm, wy = 45nm and dg = 40nm.

As seen in Figure 4.2(b), a typical U-shaped structure supports atleast three plasmon
modes depending upon the polarization of the incident light. The different plasmon

modes have localized electric field profiles at separate regions on the sensor surface, the
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details of which will be discussed in Chapter 5. Therefore, the overlap of the electric field
with the gold surface and the sensor substrate will be different for the various modes of
the nanostructure. This, along with the differences in the decay lengths, will allow the
three plasmon modes to respond differently for the bulk and surface interference as well
as the target interaction. This chapter provides a detailed analysis of the operation of such
a sensor, describe the dependence of its resonances on geometry, and characterize its
performance by differentiating specific streptavidin-biotin binding from non-specific

bovine serum albumin (BSA) adsorption and bulk index changes.

4.1.1 Working Principle

If it is assumed that the multiple plasmon resonances of a metal nanostructure are linearly
related to the changes in the surface coverage due to specific and non-specific surface
effects as well as refractive index of the background solution, the shift in the resonances
can be expressed using the following system of equations —

AA; = Sp_jAng + Sg_;ACs + Sys—iACys 4.1)
where AJ; is the shift in the /™ resonance; Ss.i, Sns.i and Sp. are the specific surface
sensitivities, the non-specific surface sensitivities and the bulk sensitivities for each
resonance; and ACs, ACns and Ang represent the specific surface coverage change, the
non-specific surface coverage change and the bulk refractive index change respectively.
Changes in specific and non-specific surface coverage as well as the index of the
background solution can be calculated from above equation provided the sensitivities and
wavelength shifts are known.

The sensitivities described above can be sufficiently different to distinguish these

effects because of the different electric field distributions associated with each resonance.
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Specifically, each resonance has different field strengths at the surface of the gold
nanostructure and along the surface of the substrate, and each decays at a different rate
into the bulk solution. Considering all of the possible interactions as perturbations and
using the perturbation theory developed by Raman et al. (neglecting system loses), one

can approximate the sensitivities as [160] —

de(r)
Sy_i = 0A;/0X ~ Ao; ( f dr — = B0 / J er0i> 4.2)
where A,; is the unperturbed i™ resonance wavelength, X is one of Cs, Cys, and ng, and
de/0X is the change in dielectric constant for the associated perturbation. Finally, E; is
the electric field and Wo; the total energy density associated with the i resonance. In fact,
this is often an acceptable approximation for perturbed plasmonic systems.

Often the dielectric perturbation takes the form of a change in permittivity over a

specific volume as shown in Figure 4.3. For example, the effect of nonspecific binding on

the i resonance can be simplified to —

S = 0 Ao d€nsm
M7 0Cs J drWwo; | 9Cys

+ aENS,Sub fsub+hd |E ( )lzl
e riL;\r
aCNS sub l

m+h
f dr|E;(r)]2
" 4.3)

where deysy,/0Cys represents the change in refractive index induced by nonspecific
binding to the metallic nanostructure or its functionalized surface. The limits of
integration are written to indicate that the perturbation extends from the metal’s surface,
m, to a distance /& above it. Likewise, 0€yssyp/0Cns represents the change in refractive
index induced by nonspecific binding to the substrate. In general, different affinities for

the substrate and the metallic surfaces will give rise to significantly different values for
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0€ns,m/0Cns and J€ys sup/ 0 Cys. Of course, functionalization of these surfaces alters the
affinities from those of the original materials. Similar expressions can be written for the
effects associated with specific binding and bulk index changes. For specific binding the
effective thickness, A, of the layer will be different giving rise to additional differentiation
of the sensitivities. In the case of a bulk index perturbation, & goes to infinity and there is

no need to differentiate between the metal and the substrate.

(b) Ag

"
[B— metal | ‘LS“b
t

substrate

Figure 4.3 (a) 3D schematic of a U-shaped LSPR sensor. XS indicates cross-sectional
plane shown in (b), (b) Dielectric perturbations associated with binding (specific or
nonspecific) to the metal and substrate are indicated by A€, and A€y, respectively. The
effective thickness of the bound layers is labeled h. A perturbation to the bulk
permittivity is indicated by Aegp. The difference in the perturbation, and thus resonce
wavelength, of the modes by bulk changes, as well as binding of a target analyte or an
interfering species, leads to the sensor’s ability to differentiate the various effects.
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4.2 Experimental Methods

4.2.1 Materials

Indium Tin Oxide (ITO) coated glass substrates with resistivity of 15-30 Q/m? were
purchased from SPI supplies (West Chester, PA). Gold pellets (99.99% pure) were
purchased from Kurt J. Lesker (Jefferson Hills, PA). Polymethyl methaacrylate (PMMA)
was obtained from MicroChem (Newton, MA). Methyl IsoButyl Ketone (MIBK), N-
methyl pyrrolidone (NMP), acetone, isopropyl alcohol (IPA), ethanol, glycerol and
bovine serum albumin (BSA) were obtained from Fisher Scientific (Pittsburg, PA).
Streptavidin and N-(6-[biotinamido]hexyl)-3'-(2’-pyridyldithio)propionamide (Biotin-
HPDP) were purchased from Pierce Biotechnology (Rockford, IL). Tris-buffer saline
solution (TBS) was generously provided by Dr. Yinan Wei’s laboratory at University of

Kentucky.

4.2.2 Substrate Preparation

Gold nanorods were fabricated on an indium tin oxide (ITO) coated glass substrate. The
ITO coating mitigated charging during electron beam exposure and also improved
adhesion of the gold compared to uncoated BK7 glass substrates. The substrate was
pretreated by sonicating in acetone, ethanol, and isopropyl alcohol (IPA) for 5 minutes
each. This was followed by plasma etching the substrate for 5 minutes under oxygen to
remove any organic contaminants. Finally, the substrate was sonicated in DI water for
another 5 minutes before prebaking it at 150 °C for 3-5 minutes on a hot plate. After
letting the sample cool down, the substrate was spin coated with 950K PMMA dissolved
in 2% anisole at 4000rpm for 45 seconds. The substrate was then soft-baked at a

temperature of 200°C for another 3-5 minutes before exposure to electrons.
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4.2.3 Sensor Fabrication

The sensors were fabricated using a Raith E-LINE electron beam lithography system on
the PMMA coated ITO/glass substrate. Table 4.1 displays the various electron beam
lithography exposure parameters used to pattern arrays of U-shaped nanostructures. This
was followed by the development of the exposed PMMA in a 1:3 ratio of MIBK to IPA
for 60 seconds. The sample was then washed in IPA for another 30 seconds and air dried.
A 20-nm thick gold layer was evaporated on the developed sample using a thermal
evaporator with deposition rate of 0.8 A/sec. The unexposed PMMA was removed, and
the gold lifted off, by immersing the sample in N-methyl pyrrolidone (NMP) heated to a

temperature of 70°C. Finally, the sample was washed under ethanol and air dried.

Table 4.1 Electron beam lithography exposure parameters for writing U-shaped
nanostructures.

Primary Beam Energy 30keV

Aperture 20 pm

Area Dose 300 puC/cm?

Area Step-size 4 nm

Dose Range 1 to 4 in intervals of 0.5
Working Distance 7 mm
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4.2.4 Optical Measurements

The scattering properties of the U-shaped gold nanostructures were measured using Zeiss
Axiovert 405M inverted microscope equipped with a 100W halogen lamp as well as a
cube polarizer (Thorlabs Inc) fitted to one of its output port. A 20X dark-field objective
with an imaging numerical aperture (N.A.) of 0.5 was used to illuminate the sensor
surface as well as collect the scattered light from the gold nanostructures. After passing
through the polarizer, the scattered light was directed to a grating spectrograph (Acton
Instruments, SP-150) fitted with 150 lines/mm grating and a thermoelectric cooled CCD
camera (Princeton Instruments) using two multimode optical fibers (Thorlabs Inc). Each
fiber carried one polarization of scattered light and the spectra were separately resolved
by the imaging spectrograph. The scattering spectrum from the nanostructures was

normalized to the spectrum from the bare ITO substrate.

4.2.5 Biosensing Experiment

The self-referencing capability of the sensor was tested by using biotin-streptavidin
binding as a target interaction along with bovine serum albumin (BSA) adsorption for
non-specific interaction. Prior to functionalization, the sensor surface was cleaned by
washing in acetone, IPA and DI water followed by an oxygen plasma etch for 3-5
minutes. The sensor was functionalized by incubating it overnight in a 10 mM phosphate
buffer solution (pH 7.2) containing 200 uM of N-(6-[biotinamido]hexyl)-3°(2’-
pyridyldithio)propionamide at room temperature for biotin labeling. The sensor, clamped
inside a custom made acrylic flow cell, was placed on the microscope stage and the

scattering spectra for the two polarizations were recorded simultaneously using Labview.
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In addition, the Labview code tracked the peak positions of the three resonances in real
time.

Different solutions were introduced on the surface of the sensor through
polytetrafluoroethylene (PTFE) tubing at a constant flow rate of 650ul/min with the help
of a peristaltic pump (Ismatec). A 50 mM Tris buffer solution with a pH value of 8 was
used as the reference sensing solution. The sensor surface was exposed to (a) 25% (w/v)
Glycerol in buffer to provide bulk refractive index change, (b) 0.2 mg/ml Streptavidin in
buffer to provide specific surface interaction and (c) 5 mg/ml bovine serum albumin in

buffer to provide a non-specific binding interaction.

4.3 Results and Discussions

Figure 4.4 illustrates the process utilized for the fabrication of U-shaped gold
nanostructures on an indium tin oxide (ITO) coated BK7 glass substrate using electron
beam lithography. The ITO coating was added to avoid charging during exposure to
electron beam. A representative scanning electron micrograph (SEM) of an array of U-
shaped nanostructures can be seen in Figure 4.5. The average geometrical parameters of
the U-shaped nanostructures are {x =225nm, {4 =195nm, w4 =80nm, dy =110nm and 0«
=134nm, {4 =103nm, wy=48nm and d4=50nm for the top and bottom nanostructures

respectively. The gap between the structures is measured to be 1 pum.
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Figure 4.4 Schematic of the process used in the fabrication of U-shaped gold
nanostructures through electron-beam lithography.
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Figure 4.5 SEM images of U-shaped gold nanostructures arrays fabricated using electron-
beam lithography. Dimensions of the structure are (top) £x = 225nm, €y = 195nm, w4 =
80nm and dgy = 110nm; (bottom) £x = 134nm, €4 = 103nm, w4y = 48nm and dg =
50nm. Pitch size in both images is 1 um.
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The fabricated nanostructures were optically characterized using the schematic
described in Figure 4.6. Figure 4.7 displays the normalized horizontally and vertically
polarized scattering spectra of the nanostructures collected from a spot size of
approximately 10 um. To further characterize the nanostructures, scattering spectra were
also collected for arrays with varying gap depth (dg4). Figure 4.8 shows the comparison of
the horizontally and vertically polarized scattering spectra of U-shaped nanostructures
with different gap height values. As can be seen in the figure, the long-wavelength
plasmon resonance of the horizontally polarized spectrum shows a red-shift with
increasing value of d4. These observations are in accordance with the results published
by various research groups on split ring resonators (SRR) and U-shaped nanostructures

[154, 155, 161].
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Figure 4.6 Schematic of the optical setup used for dark-field scattering measurements of
U-shaped gold nanostructures.
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Figure 4.7 Optical scattering spectrum from an array of U-shaped nanostructures with the
electric field polarized along its horizontal axis (top) and along the vertical axis (bottom).
Inset shows the SEM image of the nanostructure array with sizes { = 128nm, {y =
106nm, wy = 47nm and dg = 45nm.
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Figure 4.8 Normalized scattering spectra from arrays of U-shaped nanostructure with
varying gap heights d.

4.3.1 Reference Compensation using U-shaped nanostructures

The U-shaped nanostructure based sensor was tested for its self-referencing capability by
functionalizing the gold nanostructure surface with biotin-HPDP. Figure 4.9 shows the
schematic of the biotin labeled gold nanostructure clamped inside the acrylic flow cell as
well as an image of the optical setup modified for the biosensing experiment. Glycerol,
streptavidin and bovine serum albumin (BSA) were added to tris-buffer solution to
induce a bulk refractive index change, a specific target interaction, and a non-specific

surface effect respectively. Figure 4.10 displays the relative peak shifts in the three
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localized surface-plasmon resonance wavelengths versus time for the U-shaped
nanostructure as different solutions are introduced on the sensor surface using a flow cell.
A 50mM buffer solution was first introduced to stabilize the peak wavelength and to
provide a baseline for the experiment. Exposure to Glycerol (25% w/v) causes the three
wavelengths to red-shift due to a change in background refractive index by Ang=0.034
refractive index units (RIU). As expected, the three resonance wavelengths shift back to
their base values after the reintroduction of the pure buffer solution. Introduction of 0.2
mg/ml streptavidin solution produces an expected red-shift resulting from the binding of
streptavidin molecules to the biotin labeled gold nanostructures. Buffer was then
reintroduced to remove any unbound streptavidin from the sensor surface. Finally,
exposure to 5 mg/ml bovine serum albumin (BSA) produces a further red-shift in the
three wavelengths as the BSA binds non-specifically on the sensor surface. As seen in
Figure 4.10, the three resonance wavelengths shift by different amounts for the various
surface and bulk interactions and thus can differentiate the various effects. Even though
the decay lengths associated with the various modes of the sensor are smaller than those
of a traditional SPR sensor [162], they are still substantially larger than the dimensions of
the streptavidin and BSA molecules. This explains the smaller red-shift observed due to
binding of streptavidin and BSA as compared to when the 25% glycerol solution is
introduced to the sensor surface. This difference in the surface and bulk sensitivities is
also consistent with the difference in sensitivities predicted by Mie theory for gold
spheres whose dipole resonances fall in this wavelength range.

The bulk refractive index change as well as the fractional specific and non-specific

surface binding change with respect to time is shown in Figure 4.11. These shifts were
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calculated using the linear model for a self-referencing sensor described in (4.1). Small
amounts of cross talk observed between the three resonance modes of the sensor can be
attributed to small baseline drifts or small nonlinearities in the sensor response. The linear
bulk sensitivities for the three resonance modes of the U-shaped nanostructure, measured
as the shift in the resonance wavelengths with respect to the change in the refractive
index of the background solution, were calculated to be Sg.1=A41/Ang = 70 nm/RIU, Sg-
2=Ad2/Ang = 170 nm/RIU, SB-3=A43/Ang = 120 nm/RIU.

Table 4.2 summarizes the bulk as well as the specific and non-specific surface
sensitivities calculated for the U-shaped nanostructure based sensor. The specific and
non-specific surface sensitivities were calculated as the ratio of the shift in resonance
wavelengths to unit change in the surface coverage of the adsorbed target analyte and
interfering molecule respectively. It is notable that the non-specific response for 1 is
larger than its specific binding response. This may be possible due to the electric field
profile for 4> which is localized around the gap of the U-shaped nanostructure where the
probability of non-specific binding of BSA is higher than the specific binding of the
streptavidin. Of course, incomplete surface coverage of streptavidin on the biotin coated
sensor surface could also contribute to this. Table 4.2 also provides the figure of merit
(FOM) for the horizontal and vertical polarized resonances of the sensor. The FOM
defines the ability of LSPR sensors to resolve small refractive index changes and is
obtained by dividing the bulk sensitivity to the full width at half-maximum (FWHM) of
the resonance peak [52]. If one considers the possibility of incomplete surface coverage
for streptavidin and/or BSA, then the sensitivities and FOM set a lower bound on the

sensor’s performance.
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Figure 4.9 (a) Schematic of the custom made acrylic flow cell used for bio-sensing
measurements. The biotin labeled sensor is clamped inside the flow cell and place on the
microscope stage for measurements, and, (b) Image of the optical setup. SEM image in
(a) consists of U-shaped nanostructure of size 125nm by 95nm with a gap size of 45 nm
by 40nm. Pitch size of the array is 1um.
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Figure 4.10 Relative shift in the three localized surface plasmon resonance modes of
biotin functionalized U-shaped gold nanostructure to various specific and non-specific
interactions. The solutions were introduced on the sensor surface in the following order —
(1) 50mM Tris buffer, (2) buffer with 25% (w/v) glycerol, (3) buffer with 0.2 mg/ml
streptavidin and (4) buffer with 5 mg/ml bovine serum albumin. Adapted from [163]
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Figure 4.11 Calculated changes in (a) background refractive index, (b) specific surface
concentration and (c) non-specific surface concentration with respect to time for U-
shaped nanostructure sensor using the linear model described in (4.1). Solutions are
indicated as follows — (1) buffer solution, (2) buffer with 25% (w/v) glycerol, (3) buffer
with 0.2 mg/ml streptavidin and (4) buffer with 5 mg/ml bovine serum albumin. Adapted
from [163]
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Table 4.2 Sensing characteristics for the three resonances of a U-shaped gold
nanostructure based sensor. Surface sensitivities are given in nm for complete surface
coverage. Figure of merit (FOM) is the ratio of bulk sensitivity to resonance FWHM.

Sensitivities
Ares Bulk Surface: Surface: FOM
(nm/RIU) specific non-specific
A1 (670 nm) 70 1.5 1.2 2.3
A2(950 nm) 170 1.0 1.5 1.1
A3(770 nm) 120 1.2 1.0 1.5

The bulk refractive index sensitivity values for the U-shaped nanostructure based
sensor are higher than those measured by Chen ef al. [32] for a spherical nanoparticle
(Sg=44 nm/RIU for a 15nm diameter particle) and nanocube (Sg=83 nm/RIU for a 44 nm
edge length cube) based refractive index sensors. The FOM values of this sensor is
comparable to the FOM value for a chemically synthesized single gold nanorod with an
aspect ratio of ~3 (FOM=1.3) as reported by Mayer et al. [65]. The sensitivity values
were also found to be similar to the recently reported values by Liu et al. [159] for their
similarly sized complimentary split ring resonator (SRR) based sensor (Sg=210 nm/RIU )
but lower than the sensitivity and figures of merit measured by Lai ef al. [149] and Pryce
et al. [150]. The marked difference in sensitivities and figures of merit between the
similar shaped structures can be attributed to the difference in the size, and thus the
resonance wavelengths, of the structures [50, 164]. The U-shaped nanostructures used in
this experiments were scaled down in size to confine the three plasmon-resonance modes

within the operating region of a typical visible to near-infrared grating spectrograph and
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silicon CCD detector. As a result, they do not exploit the enhanced sensitivity at longer

wavelengths that has been observed by Lai ef al. and Pryce et al. for their SRR sensors.

4.4 Conclusion

In conclusion, arrays of U-shaped nanostructures that exhibit at least three resonances in
the visible to near-infrared spectral region were fabricated using electron-beam
lithography and optically characterized. The multi-mode sensor was tested for its self-
referencing capability by simultaneously measuring shifts in the three resonances as
different solutions, simulating a target interaction along with bulk and surface
interference, were introduced. The three modes can compensate for changes due to
interfering bulk and surface effects, allowing the target molecule to be detected
separately. These multi-mode sensors were found to provide comparable sensitivities to
other similar sized split ring resonator based refractive-index sensors along with the

added benefit of complete separation of interfering effects.

Copyright © Neha Nehru, 2014
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Chapter 5

Numerical Analysis of Dual and Multi-mode sensors

5.1 Introduction

Finite element method is one of the many useful techniques to analyze arbitrary shaped
structures in non-homogeneous media. This method involves the discretization of the
total simulation volume into finite elements. It is often the method of choice to simulate
large volumes that contain small feature sizes due to its ability to generate finer meshes in
such regions [26]. FEM solves the scattering problem in frequency domain by
discretizing the Helmholtz wave equation and solving numerically for fields that satisfy a
set of boundary conditions [27, 28]. The discretized elements are generally made of non-
Cartesian components (e.g., tetrahedral or triangular prism) that are chosen based on
which element better approximates the scattering structure’s boundary [165]. The size of
each element is kept much smaller than the wavelength of incident light, typically less
than A/5 where A denotes the wavelength of light in a particular medium. The size and
shape of the mesh elements plays a very important role in the numerical modeling
process [166]. The simulation domain is surrounded by a bounding box known as the
perfectly matched layer (PML). This layer serves two purposes — to truncate the
simulation domain and to prevent any spurious reflections from the boundary [27]. This
is accomplished by ensuring that the wave incident on the PML layer experiences a zero
reflection coefficient. COMSOL Multiphysics is one of the most widely used commercial

software packages available for modeling complex two- and three-dimensional
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electromagnetic problems. This chapter provides a simulation based analysis of the dual-
and multi-mode sensing techniques examined previously through bio-sensing
experiments.

The optical features as well as the sensing properties of complex nanoscale structures
described in the following sections were calculated using the scattered field formulation
available in the RF module of COMSOL 3.5a. The scattered field is calculated as the
difference between a volume source field defined in the absence of a scatterer and the
total field in the presence of the scatterer [23]. This method allows calculating the optical
properties of nanostructures in one simulation step as opposed to two-step solution

technique employed by other groups [22].

5.2 Dual mode sensor

As demonstrated in Chapter 3, one can utilize both the transverse and longitudinal modes
of a gold nanorod to compensate for bulk interference and allow for an accurate
measurement of the target analyte. To further test this theory, this section uses finite
element modeling to study the effect of bulk and surface changes on a gold nanorod

supported on a substrate.

5.2.1 Geometry & Field Formulation

A 1200 nm diameter spherical simulation domain was used to model the scattering from a
gold nanorod on a 60 nm thick ITO coating supported by a glass substrate as shown in
Figure 5.1(a). The simulation domain was subdivided into two halves to represent the
substrate and the surrounding medium. The nanorod was modeled as a two dimensional
elliptic cylinder with maximum lateral dimensions of 133 nm by 73nm extruded to a

height of 30 nm into the simulation domain. This geometry matched the actual geometry
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fabricated by lithography and liftoff, but neglected any slope in the sidewalls of the
structure. The nanorod was placed such that the entire long axis is resting on the
substrate. The substrate was defined using a constant refractive index for glass (n=1.5)
while the spectral dependent refractive index of ITO was taken from the manufacturer’s
website [167]. Optical constants for gold were obtained from Johnson and Christy [33].
The entire simulation space was surrounded by a perfectly matched layer (PML) tailored
to the refractive index of the adjacent sub-domain.

The source field is defined analytically as an infinite plane wave incident at an angle
of 61 = 37° (the average angle of illumination of a Zeiss 20X dark-field objective) from
within the substrate. Simple Fresnel coefficients for reflection and transmission are used
to define fields everywhere within the domain (except the PML layer). Separate
formulations and simulations were performed for both TE and TM polarized incident
waves.

For a TE polarized wave incident on the substrate, the electric fields for each of the
sub-domains in Figure 5.1 were defined in terms of its z-component. The following
equation defines the incident field inside the 1*' sub-domain, i.e., glass layer —

E, = Aje kX —ikn 4D 4 4 o= ikaX +jky1 7+1) (5.1)
where A1 and Ay, are the amplitudes of the incident and reflected waves in sub-domain 1,
kx and ky1 are the wave vector components in the x- and y- direction and [ is the thickness
of the ITO layer (i.e., the 2" medium). Similarly, E-fields in V/m for the other two
mediums can be described as —

E,, = AyeJlxX —ikyaO+D 4 4 o=ikaX +jky2(y+D) (5.2)

E 3 = Aze Jkx* ~Jkysy (5.3)
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Figure 5.1 (a) Schematic of the spherical simulation domain used for the analysis of gold
nanorods on ITO coated gold substrate, and, (b) a simplified 3-layer model used for
calculation of various E-field amplitudes using Fresnel’s equations and transmission
matrix method.
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Figure 5.1(b) displays the basic 3-layer schematic including the reflection and

transmission amplitudes in each layer for simplified analysis. The various amplitudes in

each of the three sub-domains for this multi-layer problem can be calculated using

Fresnel’s coefficients combined with transmission matrix analysis as follows [168] —

1 72
A1] _ |tz ti2 Az]
Ay 2 i Azr
tiz t12
[i T2 [i 7’23]

A1]=|t12 t12|[ejky21 0 ]|tz t23|[A3]
Ay ry 1 0 e Jky2l] | 1 ||Asz,

tiz ti2 trz I3

Solving the above matrices results in the following amplitude values —

B rlze]kyzl r23e—jkyzl
A = Az +

t12t23 t12t23

Az = !
3 i —j t12t23
e}kyzl + T12T7y3€ Jky2l

(5.4)

(5.5)

(5.6)

(5.7)

(5.8)

The incident amplitude at the glass/ITO interface, A; is assumed to be 1 V/m. The

amplitude of the reflected wave in the third medium will be zero, i.e., A3 = 0, due to the

absence of any interface beyond that sub-domain. ri2 and #2 are the reflection and
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transmission coefficients at the interface between 1% and 2™ mediums (glass and ITO
here), r23 and 23 are the respective coefficients for interface between 2" and 3 domains
(ITO and dielectric media). These coefficients can be calculated using Fresnel equations-

n,cos6; — n,cos6,

(5.9)

T2 =
n,cosf; + n,cos0,

2n4cos6,

t12 (5.10)

- n,cos6, + n,coso,
where n; and n; are the refractive indices of the 1 and 2™ medium and &, and 6, are the
angle of incidence within medium 1 and 2 respectively. Replacing 1&2 with 2&3 in (5.9)
and (5.10) will generate formulations for r23 and #23 respectively. The angle of incidences

in medium 2&3 can be easily calculated using Snell’s Law —

.. nysinf,
0, = H—
2 = sin™ (. o
(5.11)
n,sinf
0; = sin"!(—=
n3

The tangential components of wave-vector defined as k, = kyn,sinf; where ko is the
wave-vector in free space, is continuous across the interface and therefore, will be same
in all the three layers. The y-component, on the other hand, varies between the layers and
is calculated as k,,; = kon;cos6; , where i=1,2 or 3.

It should be noted that the field formulations defined above are only valid for a TE
polarized wave. For the case of TM (transverse magnetic) wave analysis, in-plane
components of the electric field are utilized to define the source fields inside each

medium. For the model described in Figure 5.1, the source field for TM mode is defined
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using both the Ex (V/m) and Ey (V/m) components. E-fields inside the 1*' medium are

defined as—

Exl = COSHl(Ale_jkxx_jkyl(y+l) — Alre_jkxx"'jkyl(y"'l))
(5.12)

Eyl =

—SlTlBl (Ale_jkxx_jkyl(y+l) — Alre_jkxx'l-jkyl(y'l'l))
Here 6 is still the angle of incidence, [ the thickness of the ITO layer and A; and Ay, are
the incident and reflected field amplitudes in 1*' medium as defined in (5.5). However,

the reflection and transmission coefficients are altered for TM polarization to —

n,cosf,; —n,cosb,

M2 = 056, — nycosb;
(5.13)
2n,co0s6,
t12 =
n,cos6, —n,cosb;
Similarly, the E-fields for medium 2 and 3 are defined as —
Ex2 = COSHZ(AZe_jkxx_jkyz(Y"'l) _AZre_jkxx+jky2(y+l))
(5.149)
EyZ = _Sl'ngz(Aze_jkxx_jkyl(y""l) _AZTe_jkxx+jky2(y+l))
Ey3 = cos03(Aze™TFxx—ikysY)
(5.15)

Ey3 = —sinf3(Aze~Tkax—IkysY)

After defining fields everywhere except the PML layer, the next step in the
computational analysis involves the discretization of the simulation domain into smaller
elements. Different mesh sizes were used for different sub-domains with the smallest
element size and densest mesh around the volume of the nanorod (i.e., around the region
of high field gradient). Figure 5.2 shows the relative meshing density of the simulation
domain used in the analysis. The number as well as the size of the mesh used in the

analysis was tested against a set of higher and lower parameters and chosen based on

105



convergence and reduced computational time. Further details regarding this process can

be found in [169].

Figure 5.2 Zoomed in view of the spherical simulation domain exhibiting distinct mesh
sizes in different regions of the model.

The scattering cross-section, Csc (m?) is obtained by integrating the Poynting vector
for the scattered field over the boundary of the glass substrate defined by the numerical
aperture of a 20X dark-field objective with a collection half angle (6co1) of 19° (nsinf =
N.A., where n=refractive index of glass) —

Cscq = 2 *nscPoav/P, (5.16)
where Py (W/m?) is the incident flux defined as P, = 0.54%cgon,, A1 and n; are the
amplitude of the incident electric field and the refractive index of the incident medium
respectively, ¢ is the speed of light in vacuum and ¢ is permittivity of free space. The

nscPoav in the above equation is the scattered normal flux defined as —
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nscPoav = onx * scPoxav + ony * scPoyav + onz * scPozav (5.17)
scPoxav, scPoyav and scPozayv are the x, y and z-components of the scattered flux. They
can be calculated as scPoxav = 0.5 * Re(scE,, X scH; — scE, X scH,,) and so on for
the other terms. The onx, ony and onz in the equation are intrinsic COMSOL variables
used to calculate the direction of vector for each component of the scatter flux.

These simulations were validated against Mie theory and by confirming that the
scattered field is approximately zero in the absence of a nanorod. References [23, 169]
provide a more detailed analysis of the validation techniques employed to assess the
accuracy of the numerical model. Figure 5.3 displays the scattering spectra of 133nm by
73nm gold nanorod in TE and TM mode obtained using the simulation domain described

above. Based on its position on the substrate, the TE mode represents the transverse

resonance of the nanorod while the TM mode represents its longitudinal mode.
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Figure 5.3 Calculated scattering cross-section for the (a) TE mode, and, (b) TM mode of
the incident electric field from gold nanorod of size 133nm by 73nm on ITO coated glass
substrate with nmeq =1.33.
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5.2.2 Biosensing Simulation Setup

For bio-sensing simulations, the refractive index of the medium was set to match the
refractive index value of a typical buffer solution (n=1.33), the most widely used
background solution for biological experiments. The gold nanostructure surface was
functionalized by a adding a 3 nm thin layer over its surface. The thickness and refractive
index value of the functionalized layer was matched to the value of an alkanethiol
functionalized with biotin, a very common recognition element used for the detection of
streptavidin [170]. To model the change in the background solution index, the refractive
index of buffer solution was increased by a factor of 0.068 RIU (refractive index units)
and the scattering spectrum was recalculated. To determine the specific surface
sensitivity, a thin layer (thickness = 5 nm and n = 1.45) simulating the widely used
protein streptavidin was added over the gold nanostructure surface. Figure 5.4
demonstrates the regions around the sensor altered in order to simulate the bulk as well as

the specific effects.

+An Biotin
MStreptavidin

med

Figure 5.4 Schematic displaying the different areas modified to calculate the effect of
bulk and surface changes on the gold nanorod based dual-mode sensor.
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Figure 5.5 shows the calculated scattering spectra obtained due to changes in bulk
refractive index and surface coverage using the gold nanorod sensor. The longitudinal
and transverse resonances shift by different amounts with surface and bulk interactions
and thus can help differentiate the two effects. Table 5.1 shows the bulk and surface
sensitivities (assuming complete surface coverage) for the two modes calculated using
the above model. The shifts were estimated by fitting a 2" degree polynomial to the
scattering spectra. A figure of merit (y) for a dual mode sensor is proportional to the
difference between the ratios of bulk and surface sensitivities, where y = |Sg./Sgr —
Ss1./Ssr| [134]. A larger figure of merit indicates lower cross-sensitivity, and better
differentiation between the two effects. The bulk and surface sensitivity ratios and figure
of merit for the nanorod based dual mode sensor were calculated to be 3.7, 2.6 and 1.0

respectively.

Table 5.1 Calculated bulk and surface sensitivities for the longitudinal and transverse
modes of gold nanorod.

Bulk Sensitivity Surface Sensitivity
(nm/RIU) (nm for complete coverage)
Transverse Mode 54 2.2
(TEmode)
Longitudinal Mode 200 5.8
(TM mode)
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Figure 5.5 Calculated shifts in the (a) transverse or TE mode, and, (b) longitudinal or TM
mode for a gold nanorod based sensor due to either a change in solution index of 0.068 or
adsorption of a Snm thick layer.
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The results obtained from the above simulation are in close approximation to the
sensitivities and figure of merit values obtained from the biosensing experiment in
Chapter 3. The minor difference (within 35% ) between the two can likely be attributed to
various experimental details not accounted for in the simulation, including the surface
roughness and optical absorption of the ITO coating on the glass substrate, the non-
ellipsoidal cross-section and vertically tapered sidewalls of the gold nanorod, and
possibly non-uniform coating of the biotin and streptavidin layers on the surface of the

Sensor.

5.3 Multi-mode sensor

Following the experimentally reported findings on the multi-mode sensing capability of
the U-shaped nanostructure based sensor in Chapter 4, this section provides a numerical
study of the nanostructure, evaluates its electric field profiles and assesses its sensitivities

to specific and non-specific surface and bulk effects.

5.3.1 Geometry and Field formulation

The scattering from the U-shaped gold nanostructure on an indium tin oxide (ITO) coated
glass substrate was modeled using an 800 nm Cartesian computational simulation domain
as illustrated in Figure 5.6. The domain was further subdivided into two halves to
represent the substrate and the surrounding medium. The U-shaped nanostructure of
dimension {x =107nm, {4 =94nm, wrg =40nm, dg =38nm was modeled in 2-D and then
extruded to a height of 20 nm into the 3-D domain. The entire simulation domain was
truncated using a 150 nm absorbing perfectly matched layer (PML) to prevent back
reflections. The design and dimensions of the nanostructure was chosen to closely match
the values obtained experimentally through electron beam lithography.

111



(a)
< w
4
lh

(b)

PML 4
PML

2
0
-2

I X x le-7 -4
4

-2 0 2 4

Figure 5.6 (a) Schematic of the U-shaped gold nanostructure, and, (b) Cartesian
simulation domain used for numerical analysis of U-shaped gold nanostructures on ITO
coated glass substrate.
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Refractive index values of the different materials were taken from a variety of sources.
The gold nanostructure was modeled using the refractive index values obtained from
Johnson and Christy [33]. Optical constants for the ITO layer were obtained from SPI
Supplies website [167]. The refractive index values for BK7 glass was kept constant at
n=1.5 throughout the entire spectral wavelength range. Once again, the refractive index
values for the PML layer were chosen to match the refractive index of its adjacent
subdomain.

The U-shaped gold nanostructure was excited using a plane wave incident at an angle
of #;=37° from within the substrate. The source fields were defined analytically
throughout the volume of the simulation domain (except the PML layer) using the same
equations as described in 5.3.1 for both the TE and TM polarization modes. The TE mode
was defined using equations (5.1), (5.2) and (5.3) for the three sub-domains; while the
TM mode was defined using equations (5.12), (5.14) and (5.15) respectively. The
scattering spectrum was similarly obtained by integrating the Poynting vector (5.16) for
the scattered field over the boundary of the glass substrate defined by f.o = 19°. The
angles for light incidence and collection were once again chosen to include the effect of a
realistic 20X dark-field microscope objective with a N.A. of 0.5. The simulations were
validated by confirming that the scattered field is approximately zero in the absence of
the gold nanostructure. The same validation methods described previously were used to
confirm the validity of the Cartesian simulation domain [169].

Figure 5.7 displays the TE and TM polarized scattering spectra obtained from a U-
shaped gold nanostructure on an ITO coated glass substrate with buffer solution

(Nmea=1.33) as the surrounding medium. Based on the position of the nanostructure within
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the simulation domain, the incident electric field in the TE mode is parallel to the gap

(wrg) within the nanostructure and exhibits two surface plasmon modes.
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Figure 5.7 (a) TE mode, and (b) TM mode scattering spectrum from a U-shaped gold
nanostructure on an ITO coated glass substrate calculated using COMSOL with
nmed:1.33.

The normalized electric field intensity (\/ ExEx + EyE} + EE7) for the three localized

surface plasmon resonance modes of the U-shaped nanostructure was also calculated
using COMSOL. Figure 5.8 shows the cross-sectional plot of the E-fields taken 10 nm
above the gold surface through the x-z plane. It can be clearly seen that the three plasmon
modes of the U-shaped nanostructure on an ITO substrate separately localize the E-fields
at different regions on the sensor surface. This allows the specific and non-specific

effects, that occur at different regions on the sensor surface, to be easily distinguished.
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Figure 5.8 Cross sectional plot of the normalized electric field for the three surface
plasmon modes of the U-shaped nanostructure based sensor. The slice is taken from x-z
plane at 10 nm above the gold surface. The arrows show the normalized electric field at a
particular point in time. The colors show the norm of the electric field (with a scale of
V/m). Since the incident wave has an amplitude of 1V/m, the norm of the electric field
directly corresponds to the field enhancement.
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5.3.2 Biosensing Simulation Setup
The simulation model was further altered to study the multi-mode biosensing
characteristics for the U-shaped structure by modeling the well-studied biotin-
streptavidin binding interaction. Similar modifications, as described in Section 5.2.2,
were made to model bulk and specific surface binding characteristics of the U-shaped
sensor. To reiterate, first the gold surface was functionalized by adding a 3 nm thin layer
simulating an alkanethiol functionalized with biotin over its surface. To study the bulk
effects of the sensor, the refractive index of the medium was increased by a factor of
0.03404 RIU (due to the addition of 25% (w/v) glycerol to buffer). The specific surface
binding effects were determined by adding a 5 nm thin layer with a refractive index of
1.45 (simulating streptavidin) over the sensor surface. Similarly, to determine the non-
specific surface sensitivity, a 4 nm thin layer imitating bovine serum albumin (BSA,
n=1.45) was added over the entire sensor surface (including both gold and the ITO).
Figure 5.9(d) demonstrates the regions around the sensor altered in order to simulate
the bulk as well as the specific and non-specific surface effects. As streptavidin strongly
binds to the biotin coated gold surface, the effect of specific surface interaction was
simulated by adding a thin layer only around the functionalized gold nanostructure
surface [170]. Similarly, an interfering molecule like BSA will bind non-specifically to
both the gold and ITO surfaces; thus, to simulate the effect of such an interaction, a thin
layer was added all over the gold as well as the ITO surface. The scattering cross-section

was recalculated for each change made in the simulation domain.
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Figure 5.9 (a), (b), (c) Shifts in the three localized surface plasmon resonances of the U-
shaped nanostructure to bulk index change (Ang), specific surface binding (ACs) and

non-specific surface binding (ACns), and, (d) zoomed in view of the simulation domain
showing the perturbed regions for sensitivity analysis.

Figure 5.9 displays the calculated scattering spectra obtained from the TE and TM
polarized modes of the U-shaped nanostructure based sensor to changes in the bulk
refractive index of the surrounding medium, specific binding of the target analyte and
non-specific binding of interfering molecule. As seen in the figure, the three resonances
shift by different amounts with various surface and bulk effects and thus can help resolve
the three effects. The U-shaped gold nanostructure sensor was characterized by

calculating its bulk sensitivity as well as specific and non-specific surface sensitivities.
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The linear bulk sensitivity of a sensor is defined as the ratio of shift in the resonance
wavelength (ALi) to the change in the refractive index of the bulk solution (Ang). The
specific and non-specific surface sensitivities are defined as the change in resonance
wavelength to a unit change in the surface coverage of the adsorbed target analyte and
interfering molecule respectively. Table 5.2 lists the various bulk and surface sensitivities
for the three surface plasmon modes of the U-shaped structure based sensor. The bulk
sensitivities calculated using the simulation model were found to be slightly higher than
the values obtained from the experiments. This difference in sensitivity values can be
attributed to the various experimental details not accounted for in the simulation
including the surface roughness of the ITO and gold surface and vertically tapered

sidewalls of the gold nanostructure.

Table 5.2 Sensing characteristics of the U-shaped nanostructure based sensor. Surface
sensitivities are given in nm for complete surface coverage.

A1(~806nm) A2(~1285nm) A3(~903nm)
(nm) (nm) (nm)

Bulk (Sg) 150 260 180

(nm/RIU)

Specific Surface 6.8 9.6 7

(Ss)

Non-specific 10 17 11

Surface (Sns)

5.4 Conclusions

This chapter presented a numerical study on the spectral response of both gold nanorod
and U-shaped gold nanostructure on an indium tin oxide coated glass substrate. In
particular, the ability of these nanostructures as reference compensated dual- and multi-

mode sensors was studied. It was observed that the various localized surface plasmon

118




modes of the nanorod and U-shaped nanostructure exhibit different sensitivities to bulk as
well as specific and non-specific surface effects. This allows the sensor to compensate for
changes due to interfering interactions and allow the surface binding of the target analyte

to be measured separately

Copyright © Neha Nehru, 2014
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Chapter 6

Sensing Characteristics of U-shaped Nanostructure based Biosensor

6.1 Background

Chapter 4 provided a proof-of-concept analysis on the multi-modal sensing capabilities of
a U-shaped gold nanostructure based sensor. Known concentrations of target and
interfering species were introduced onto the sensor surface and the shifts induced due to
each interaction were recorded in real-time. The three surface plasmon modes of the gold
nanosensor displayed different sensitivities towards the various specific and non-specific
effects allowing the differentiation between the various interactions. However, a
complete characterization of the various plasmon modes of the sensor to the bulk and
surface effects is necessary in order to measure unknown concentrations of target analyte
in complex solutions. This chapter outlines our work done to date in characterizing the
various resonances of the multi-mode sensor for bulk as well as specific and non-specific
surface sensitivities.

Figure 6.1 displays a standard SPR sensorgram that plots the response of a sensor to
the target molecules in real time. A typical sensogram for an antigen-antibody interaction
process consists of three major steps — association, disassociation and regeneration [171,
172]. The first two steps, i.e., association and disassociation, together define the response
of a sensor to target molecules in solution. The regeneration step prepares the sensor for
further bio-sensing interactions by removing any bound target molecule from the ligand

coated sensor surface. A good regeneration solution is an important part of the biosensing
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experiment as it defines the life cycle of a particular sensor. An efficient regeneration
solution should be able to remove the target molecules while avoiding any loss in ligand
activity for future antigen interactions [173]. Consequently, figuring out an optimized

regeneration solution is an important part of the sensor design and characterization

process.
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Figure 6.1 An example sensogram displaying a typical response of an SPR sensor with
time.

The biosensing experiments described in the previous chapters utilize the well-known
biotin-streptavidin binding interaction as a model to test the self-referencing capability of
the U-shaped gold nanosensors. However, the extremely high binding affinity of
streptavidin to biotin molecule makes it almost impossible to elute from the sensor
surface using any of the recommended regeneration conditions [174]. The high rate of

association (~10" M) would also make any possible regeneration process a very time
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consuming one [175]. Therefore, a more extensive investigation of the sensor
characteristics would warrant a change from the current assay to a different biochemical
interaction that allows easy regeneration. Immunoglobulins are one such protein
molecule that are as widely used instead of the biotin-streptavidin system to study the
affinity characteristics of a sensor [65].

Immunoglobulins (Ig) are glycoprotein molecules that bind specifically to certain
antigens through a lock-and-key mechanism. Of all the different Igs, Immunoglobulin G
(IgG) is the smallest, most common antibody present in high concentrations in human
serum. Figure 6.2 illustrates the Y-shaped structures of an IgG molecule. It consists of
two light chain and two heavy polypeptide chains joined together through disulfide bonds
[176]. Each IgG antibody molecule contains two antigen binding sites in its Fab portion.
Depending on its orientation, an IgG antibody can utilize one or both sites for antigen
binding interaction. The binding characteristics of IgG antibody-antigen interaction have

been widely reported through the SPR sensing technique [65, 177, 178]. The binding

affinities of IgG are not as strong as the biotin-streptavidin molecule and hence, are a
perfect replacement for when a kinetic analysis of the sensor is required. The biosensing
experiment in this chapter utilizes the binding capabilities of IgG molecules to study the

sensing characteristics of the U-shaped nanostructure.
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Figure 6.2 Schematic of an IgG molecule.

6.2 Sensor Fabrication
The steps utilized in the fabrication of U-shaped gold nanostructure based sensor are the
same as described in the Section 4.2. ITO coated glass substrate spin coated with a
positive electron beam resist (PMMA) was exposed to a high energy (30keV) beam of
electrons. The developed sample was coated with a thermally evaporated 20 nm thin gold
layer followed by removal of any undeveloped PMMA by soaking the substrate in a hot
NMP solution for 2-6 minutes. Figure 6.3(a) displays an SEM image of the sensor.
Similarly, the previously described optical setup was used for characterizing the U-
shaped gold nanostructures. Briefly, a 20X dark-field objective fitted within an inverted
microscope was used for both illuminating the sensor surface as well as collecting light

scattered from the gold nanostructures. The unpolarized scattered light was polarized
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with the help of a cube polarizer and the two polarized beams were spectrally dispersed
and measured individually using a grating spectrograph and a thermoelectric cooled CCD
camera. The spectra from the nanostructures were normalized to scattering from the bare
ITO substrate. Figure 6.3(b) shows the normalized scattering spectra of an array of U-

shaped nanostructures.
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Figure 6.3 (a) SEM image of an array of U-shaped nanostructures on an ITO surface with

dimensions £ = 115nm, €4 = 97nm, wy = 53nm and 44 = 48nm, and, (b) its
corresponding scattering spectrum.
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6.3 Biosensing Experiment

This section outlines, in chronological order, the steps taken to characterize the U-shaped
gold nanostructure based sensor for bulk and surface interactions using IgG antibody-
antigen binding interaction. All the steps in the following experiments, except SAM
immobilization were performed inside the flow cell. Phosphate buffer saline (PBS)
solution is used as a baseline for the entire biosensing experiment, except as otherwise

stated.

6.3.1 Materials

11-Mercaptoundecanoic acid (MUA), 1-Ethyl-3-(3-dimethylaminopropyl)- carbodiimide
(EDC), N-Hydroxysuccinimide (NHS), Ethanolamine hydrochloride and Glycine-
hydrochloride were purchased from Sigma Aldrich (St. Louis, MO). Human IgG, Goat
Anti-Human IgG (H+L) and Protein A were purchased from Pierce Biotechnology
(Rockford, IL). Phosphate buffered saline (PBS) 10X buffer, 2-[n-morpholino]
ethanesulfonic acid (MES) buffer, Glycerol, Sodium dodecyl sulfate (SDS), Hydrochloric
acid (HCI) and sodium hydroxide pellets (NaOH) were obtained from Fisher Scientific

(Pittsburg, PA).

6.3.2 Surface Preparation

Various methods exist to functionalize a metal nanoparticle based sensor surface with
ligand molecules for biosensing applications. The most widely used technique involves
the covalent binding of the antibody molecule to the gold surface thorough an
intermediate SAM layer. This method produces a more stable functionalized surface that

can withstand harsh regeneration conditions without the loss of any ligand activity. The
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presence of a densely packed SAM molecule also reduces the effect of non-specific
adsorption on the sensor surface [179].

Prior to any surface functionalization, the sensor was thoroughly cleaned by
immersing the substrate in solutions of acetone, IPA and DI water for 5-10 minutes
respectively, followed by an oxygen plasma clean for 3-5 minutes to remove any organic
contaminants. The substrate was then immersed overnight in a 10mM solution of 11-
MUA in ethanol to form self-assembled monolayer (SAM) on gold surface. The sensor is
then washed with copious amounts of ethanol and DI water followed by drying under N2
gas. MUA is a carboxylic acid terminated alkanethiol widely used as a linker molecule to
attach biological molecules on the metal surface [180]. As seen in Figure 6.4(a), the thiol
end of MUA binds to the sensor surface due to its strong affinity to gold, leaving the
carboxylate groups free at the other end of the surface. To covalently bind the anti-hIgG
molecules, the carboxylate groups were first activated using a freshly prepared mixture
(1:1 volume ratio) of 200mM EDC and 100mM NHS in MES buffer. The solution was
allowed to sit on the sensor surface for approximately 30 minutes before washing the
surface with PBS buffer. As seen in the figure, the EDC molecule reacts with the
carboxylate group to form an unstable reactive ester that further reacts with N-
hydroxysuccinimide to form partially stable NHS ester groups. The primary amine
groups present in ligand molecules react with NHS ester to form a partially stable
covalent amide bond [181]. Post activation, the sensor is exposed to anti-hIgG antibodies

in PBS buffer for another 30 minutes before washing the surface with buffer solution.
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Figure 6.4 EDC/NHS coupling chemistry for the covalent binding of ligand molecules on

the sensor surface.
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6.3.3 Bulk RI sensitivity

The sensitivity of the plasmon modes of U-shaped gold nanostructure to changes in bulk
refractive index was measured by introducing solutions with different refractive index
values on the sensor surface and measuring the shifts in its resonances. The buffer
solution was modified by adding glycerol in various concentrations to change the
background refractive index from 1.33 (no glycerol) to 1.38 (40% glycerol). Figure 6.5
plots the shifts in the resonances versus time with changing bulk RI values. The buffer
solution is used as the baseline for the experiment and introduction of increasing
refractive index solution results in increasing red-shifts of the resonance wavelengths.

Figure 6.6 shows the linear shift in the three resonances over a range of RI bulk changes.

6.3.4 Regeneration Scouting

As explained earlier, a regeneration step is performed to remove analytes from the sensor
surface and prepare the sensor for further measurements. This step is usually performed
with solutions that are harsh enough to break the antigen-antibody bond including, among
other, acidic, ionic and basic solutions. This section outlines the results of the various
regeneration solutions examined for the U-shaped nanostructure assembled on an ITO
coated glass substrate. Table 6.1 also provides a summarized version of all the

regeneration conditions tested for the U-shaped nano-biosensor.
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Figure 6.5 Shift in plasmon resonances of U-shaped gold nanostructure measured in
increasing concentrations of glycerol in buffer solution.

129



694

693

692

687

686

68

1.34 1.35 1.36 1.37 1.38 1.39

082 Refractive Index

980

978

A, (nm)

974

972

970

968

1.34 1.35 1.38 1.39

136 . 137
250 Refractive Index

749

748

747

A,(nm)

745

744

743

742

134 135 136 137 138 139
Refractive Index

Figure 6.6 Bulk sensitivity characterization for the three resonances of the nanosensor
with error bars indicating one standard deviation.

130



6.3.4.1 Acidic Solution

Acidic solutions are the most widely used regeneration assays for nearly every ligand-
target interaction [182]. Therefore, a glycine-HCl solution was first used as the
regeneration solution to test for its efficacy with the U-shaped nanostructure based
sensor. Figure 6.7 plots the plasmon resonance (42) as a function of time as 10mM
glycine-HCI solutions with varying pH values are entered into the flow cell post the
antigen-antibody interaction process. As seen in the figure, point labeled a denotes the
introduction of EDC/NHS mixture into the flow cell. Point labeled b indicate the addition
of anti-hIgG as the ligand molecule and ¢ denotes the addition of ethanolamine to block
any unused ester sites. Point d denotes the arrival of target antigen solution on the sensor
surface and the shift in the resonance indicates the binding interaction. After washing the
surface with PBS, 10mM glycine-HCI with a pH value of 5 and 4 are introduced onto the
sensor surface at steps e and f respectively. Reintroduction of the buffer post pH 4
solution causes the resonance to shift back its base position before the introduction of
target analyte. However, reintroduction of target hlgG at point labeled g did not induce
the same shift as seen previously. Furthermore, introducing glycine-HCI solution at pH=3
results in a sharp drop in the resonance to values even below the baseline as seen in A.
Reintroduction of target molecules beyond this point (not shown in the figure) induced no
changes in the resonance. Similar drops in wavelength positions were observed for all the
other plasmon resonances as well. Repeating the same experiment with different
concentrations and pH values of glycine-HCI solution had the same effect on the

resonances of the sensor.
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Figure 6.7 Shifts in A3 versus time showing the effect of acidic solutions as regeneration assay for the biosensor.
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As the presence of acidic solutions on the sensor surface ruin the sensing analysis by
causing the resonances to shift to unknown positions, it was postulated that the low pH
conditions were somehow negatively affecting the sensor. Figure 6.8 shows the SEM
image of the sensor after an HCI based solution was placed on its surface for a couple of
hours. Compared to the SEM shown in Figure 6.3(a), it can be clearly seen that the
presence of HCIl has completely removed the ITO layer from the glass surface. A
thorough literature review revealed that HCI based solutions act as an etchant for the ITO
layer causing it to etch at a rate of 8 A/sec [183]. Therefore, acidic based regeneration

solutions were found to be incompatible for sensors built on ITO substrates.

Figure 6.8 SEM image showing the effect of acidic solutions on the sensor surface. The
presence of low pH assay caused a complete etch of the ITO surface as seen by the
absence of any grainy structure in the image.
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6.3.4.2 Ionic solution & Detergents

After demonstrating that low pH solutions are not ideal for regenerating sensors built on
ITO substrates, other combination of solutions were tested to provide an optimal
regeneration assay. lonic solutions like KCI and glycine at high concentrations have also
been known to regenerate sensor surfaces used for antigen-antibody interaction analysis
[127]. However, as seen in Figure 6.9, introducing increasing concentration of KCI
solutions at steps d, e and f did not remove any antigen from the sensor surface, as
evidenced by almost no change in the resonance wavelength position. A slight blue-shift
in the resonance after the introduction of 3M KCl solution could be a result of drift in the
measurement. This was also confirmed in steps g and & when a reintroduction of target
molecules caused no appreciable shift in the resonance position. Introduction of 3M KClI
solution at step 7 again did not shift the resonance back to the baseline. Points @, b and ¢
denote the introduction of EDC/NHS, ligand and target molecule respectively.

Detergent solutions were also tested for regeneration of the sensor. Figure 6.10 shows
the SEM image of the array of U-shaped nanostructures on ITO substrate before and after
adding SDS on its surface. As seen in the figure, the detergent causes the gold
nanostructures to lift off from their position, causing a complete disintegration of the
sensor itself. Therefore, both the ionic and detergent based solutions proved to be

ineffective solutions for regenerating the sensor surface.
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Figure 6.10 SEM images showing the before (top) and after (bottom) effects of adding
SDS solution on the sensor surface.
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6.3.4.3 Basic solution
After unsuccessfully testing acidic as well as ionic solutions, basic solutions were
examined as a regeneration assay for the U-shaped nanostructure based biosensor. Figure
6.11 plots 42 versus time as NaOH solutions with varying concentrations (and pH values)
are introduced on the sensor surface. Once again, steps a, b and ¢ denote the introduction
of EDC/NHS, ligand and the target molecule respectively. Introduction of SmM NaOH
solution at point labeled d causes a slight blue-shift in the wavelength position but does
not completely bring it back to the baseline. This indicates that the regeneration solution
did not completely clean the sensor surface form target antigens. However, further
addition of target antigens and antibodies, as seen in steps e and f by the introduction of
hlgG and anti-hIgG respectively, do not induce any further response from the sensor.
Similar behavior was observed when the hIgG was used as the ligand molecule instead of
the antibodies in a separate experiment. Further research into the stability of IgG
molecules revealed its inability to handle harsh conditions, i.e., extremely high or low pH
solutions. IgG molecules, especially around its Fc portion are very sensitive to changes in
the pH of the solution [184]. This leads to a faster denaturation of IgG antibodies and
antigens under harsh conditions making the sensor inoperable for further use. These
experiments led to the conclusion that addition of a high pH solution onto the sensor
surface was not only removing the target molecules but also denaturing the ligand
attached onto the sensor surface.

Out of all the solutions tested, NaOH based regeneration solutions were able to
remove analyte molecules from the sensor surface, albeit with loss in ligand activity. To

circumvent this problem, and still use NaOH for regeneration, anti-hIgG antibodies were
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replaced by Protein A as ligand molecules. Protein A molecules are extensively used in
affinity chromatography for the detection of IgG molecules. The molecule consists of
four or five high affinity binding sites that bind to only the Fc portion of the IgG resulting
in an oriented immobilization of hIgG molecules and leaving the two antigen binding
sites available for further interactions [185]. Protein A is also known to be stable over a
wide range of pH values and it has been reported to show almost no loss in activity when
cleaned with high pH NaOH solutions [186].

Protein A molecules can covalently bind to the MUA coated gold surface through the
previously described EDC/NHS mechanism [187]. Therefore, NaOH was tested once
again as a regeneration solution for Protein A-IgG binding interaction on U-shaped
nanostructure based sensor. Figure 6.12 plots the shifts in the resonance wavelength with
time for such an interaction. Here following the EDC/NHS reaction in step a, protein A is
introduced at step b causing a slight red-shift in the resonance position. Introduction of
hlgG molecules at step ¢ leads to further red shift as the target molecule binds to the
protein A coated sensor surface. Introduction of NaOH solutions of increasing
concentrations in step d, e and f'lead to very small reduction in the wavelength indicating
that most of the target molecules are still bound to the sensor surface. This could be
indicative of the strong bond of the Protein A molecule with the Fc portion of hligG
[186].

Before adding higher concentrations of NaOH solution, hIgG as well as anti-hIgG
molecules were reintroduced at steps g and 4 through the flow cell. hIgG was introduced
to ensure complete saturation of the sensor surface and anti-hIgG was added to interact

with the hlgG coated sensor surface. Introduction of 10mM NaOH solution at point j
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blue-shifts the wavelength indicating the removal of anti-hIgG molecules from the higG
surface. To remove the hlgG target molecules from protein A surface, a 50mM NaOH
solution was introduced. As seen at k, it removes some of the target antigens from the
surface but not enough to return to its initial baseline of point c¢. However, further
introduction of hIgG molecules at points [ elicit similar response as when it was
introduced at point g. Similarly, introduction of S0mM NaOH solution at m removes
some of the antigen molecules bringing the wavelength position back to what it was
before [ or g. The previous two steps were replicated once again to ensure the
repeatability of the sensor response. These experiments confirmed the compatibility of
high pH NaOH solution as regeneration assay for Protein A-hlgG based gold nanosensor.

To summarize, a 10mM NaOH solution removes bound hlgG target molecules from
an anti-hIgG coated sensor surface but with a complete loss in ligand activity making the
sensor unusable for further experiments. However, this problem can be worked around by
using Protein A as the recognition element instead of anti-hIgG along with using 5S0mM

NaOH as regeneration solution.
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Table 6.1 Summary of regeneration conditions tested for U-shaped nanostructure based
sensor for the analysis of IgG molecules.

Condition Solution Effect
Acidic 10mM glycine-HCl in PBS Acidic solutions attack the
pH range from 2 -5 underlying ITO layer causing
the resonances to jump around
ITonic 1-3mM KCl in DI water, 100mM | No appreciable shift observed
glycine in PBS
Detergent 1% (w/v) SDS in PBS Complete disintegration of the
gold nanostructures
Basic 5-50mM NaOH (pH range from Regenerates the sensor surface
11 to 12.5) in PBS

6.4 Conclusions

This chapter provided an overview of the various experiments performed for the
optimization of the U-shaped nanostructure based sensor for the detection of hlgG target
antigens. It was established that acidic solutions that are widely used for regeneration of
antigen-antibody interactions are not compatible for sensors built on ITO surfaces. The
use of basic solution for regeneration was successfully able to remove a portion of target
antigens from the sensor surface, but it also affected the binding ability of immobilized
ligand molecules, making the sensor inoperative for further experiments. However,
replacing hlgG antibodies with Protein A as ligand molecules in conjugation with using
high pH NaOH solution for regeneration, provides the most optimal condition for the
repeated functioning of the sensor. It should be noted that these conditions are only
optimized for this particular sensor and antigen-antibody interaction. Any change in the
sensor or the biosensing interaction may warrant a complete change in the regeneration

parameters.
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Chapter 7

Conclusions and Future Directions

7.1 Conclusions
Biosensing using LSPR nanostructures has received a great deal of attention over the last
decade. The ability of nanoscale metallic particles to detect refractive index changes
through shifts in its plasmon resonances has allowed for label free detection of biological
and chemical interactions. Compared to the traditional propagating sensors, LSPR
sensors exhibit improved surface limits of detection in extremely low volume solutions.
Other advantages include extensive wavelength tunability based on size, shape, material
and dielectric environment as well as simpler optical setup for plasmon excitation.

Despite the substantial body of work on label free sensing with metallic
nanostructures, a fundamental problem facing any sensor, i.e., compensation for
interfering effects, has been mostly neglected. Until this is accomplished, LSPR sensors
will be severely limited in their applicability, especially in point-of-care applications.
These interfering interactions include changes in refractive index of the solution as well
as non-specific adsorption of non-target molecules on the sensor surface. As these LSPR
nanostructures respond similarly to both specific as well as non-specific effects, other
means of differentiation between these effects is essential for the use of LSPR sensors,
especially outside the laboratory environment.

The work presented here exploited the multiple surface plasmon modes of complex

shaped nanostructures to optically compensate for interfering bulk and surface effects.
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This technique utilized the inherent differences in the properties of surface plasmon
modes of a particular nanostructure, including localized electric field profile at different
regions on the particle surface. Separating solution refractive index changes from surface
binding of target analyte was demonstrated both numerically and experimentally by
exploiting the longitudinal and transverse modes of arrays of gold nanorods on an ITO
coated glass substrate. The two modes with different penetration depths and separately
localized field profiles were able to compensate for changes in the background refractive
index and allow surface binding of the target analyte to be measured separately.

Similarly, to differentiate specific target interaction from both non-specific bulk and
surface effects, arrays of U-shaped gold nanostructures exhibiting three resonances in the
visible to near-IR region were fabricated on ITO coated glass substrate. The
nanostructures were tested for their self-referencing capability by simultaneously
measuring the shifts in the three resonances as different solutions, simulating a target
interaction along with bulk and surface interference, were introduced. The three modes
compensated for changes due to interfering bulk and surface effects, allowing the target
molecule to be detected separately. These multi-mode sensors were also found to provide
comparable sensitivities to various other LSPR based refractive-index sensors along with
the added benefit of complete separation of interfering effects.

Finally, a series of experiments were conducted to characterize the various surface
plasmon modes of the U-shaped gold nanostructure for the purpose of measuring
unknown target concentrations in biological solutions. In particular, scouting for an
optimal regeneration assay for the nanoscale biosensor was described in detail. It was

discovered that the widely used low pH glycine-HCI solution was not suitable for
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regenerating sensors built on ITO layers. Moreover, the use of a harsh solution, including
acidic, basic or ionic, also resulted in a sharp reduction in ligand activity, thereby
restricting the sensor for further use. It was finally shown experimentally that a high pH
NaOH solution in combination with Protein A as the immobilized molecule provided an

optimal regeneration assay for the repeated detection of IgG molecules.

7.2 Future Work

This work showed, both experimentally and numerically, the use of multiple plasmon
modes of a complex nanostructure for compensating interfering effects. Even though the
sensitivities of these structures were found comparable to other LSPR sensors, certain
changes can still be introduced to improve its biosensing properties.

Both nanorods and U-shaped nanostructures used for biomolecular sensing were
fabricated using electron beam lithography followed by thin film deposition.
Nanoparticles formed through thin film deposition techniques like evaporation or
sputtering are polycrystalline in nature. The presence of a rough and polycrystalline gold
surface negatively impacts the formation of a perfect SAM layer [180]. A uniform and
dense self-assembled monolayer (SAM) is an important part of an effective biosensor as
it helps reduce the effect of non-specific binding as well as allows the formation of a
uniform ligand layer [143]. Besides forming a defective SAM monolayer, it also causes a
stronger damping of the various plasmon modes resulting in broader linewidths. Future
sensing experiments can reduce the effect of polycrystalline surfaces by adding a simple
annealing step in between. It has been experimentally shown that annealing gold surfaces,
either through flame or furnace annealing method, increases the average grain size,

reduces surface roughness as well as improves the crystallinity of the structure [188].

145



The nanostructures utilized for the analysis of dual- and multi-mode sensors were
lithographically fabricated on the ITO substrate. Another method that can also be
considered for developing multi-mode biosensors involve the use of chemically
synthesized nanoparticles immobilized on a substrate. Compared to fabricated structures,
chemically synthesized nanoparticles exhibit reduced plasmon resonance linewidths and
hence, improved figures of merit. These structures are also single crystalline, providing
perfect surfaces for improved SAM formation. Advancement in the area of colloidal
synthesis have allowed for the creation of complex structures including triangular prisms,
cubes and stars of uniform shapes and sizes [129]. Multi-mode biosensors can be formed
using single or coupled nanostructures chemically immobilized to the substrate. Future
work can focus on designing and implementing techniques to uniformly attach these gold
or silver nanostructures to ITO or glass substrate for use as biosensors. For example, one
can use electron beam lithography in combination with a SAM linker layer, like APTES,
to selectively deposit nanostructures on ITO substrate. Further improvements in areas like
flow cell design (e.g., using PDMS based cell instead of acrylic will provide improved
chemical stability) and optical setup (e.g., using a higher mag objective that will restrict
the spectral measurement to a smaller area, thereby reducing the resonance linewidth and
improving the sensor’s FOM) will also help develop improved multi-mode LSPR

biosensors.
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