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Compact Sensing Platforms Based on Localized Surface
Plasmon Resonance

Abstract

The development of plasmonic sensors mainly focuses on the improvement of their
sensitivities that are approaching the theoretical limit. This work aims to propose, fabricate
and characterize compact sensing platforms that are highly adaptable and easy to be
miniaturized, without compromising their sensitivities. A plasmonic sensing system that
allows the excitation of localized surface plasmon resonance (LSPR) by individual
waveguide modes is presented conceptually and experimentally. Another compact sensing

platform is proposed based on the ensemble hypothesis developed in this thesis.
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Localized surface plasmon resonance, gold nanoparticles, plasmonic nanoparticles,
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1 Introduction and Overview of the Thesis

Localized surface plasmon resonance (LSPR) in noble metal nanoparticles occurs when
the frequency of the incident photons matches the oscillation frequency of their
conduction electrons. LSPR of noble metal nanostructures leads to intense spectral
extinctions in the UV-visible region and creates strong near-field enhancements in forms
of evanescent fields *. The typical extinction coefficient of plasmonic nanoparticles is on
the order of 10 M-cm™, with efficiency equivalent to that of 10° fluorophores 2. Due to
their extraordinary optical properties, plasmonic nanoparticles are widely used in
immunoassays >, biochemical sensors 2 61 surface-enhanced spectroscopies %6, and

many more 7.

This thesis focuses on the sensing applications of gold nanoparticles (AuNPs). The LSPR
wavelength of AuNPs is very sensitive to their local refractive index, rendering them
valuable transducers that convert small optical changes in the local environment into
spectral shifts. The majority of the plasmonic sensors reported monitor the shift of
plasmon peak wavelength of either colloidal 1° or surface immobilized nanoparticles 2>
25, Peak intensity 2, curvature 2’ and inflection point 2 have also been reported to be

quantitative indicators of the local refractive index.

In contrast to the vast majority of biological sensors, LSPR based sensors are label-free
because they detect the change of local refractive index due to the presence of target
molecules directly. This feature allows detailed measurements being performed on
biomolecules in their natural states. Moreover, thanks to their small sizes and their highly
localized field enhancements due to LSPR, plasmonic nano-sensors require only a
minuscule amount of analytes and are resistant to bulk noises. The most widely used
immunoassay, ELISA, is a typical end-point assay because its signal is generated after
the target antigen captures a second antigen. In comparison, LSPR based sensors not only
allow real-time measurements, but also only require the capture of a single antigen 1.

They indeed have great potentials to be the next generation biosensors.



Significant research has been dedicated to exploring the biosensing abilities of plasmonic
nanoparticles. The classic biotin-streptavidin system is often used in developing
biosensors due to the strong and specific bond formed and the availability of related
bioconjugate techniques. Many reports have been published on the measurements of such
system using LSPR assays in various biological media such as serum, diluted blood and
saline 2 293 Other biological interactions, such as antigen-antibody 3¢, DNA

hybridization %, protein-carbohydrate 38, cytochrome-substrate3®, and enzyme-inhibitor
40

LSPR sensors need to be engineered before they can compete with common assays such
as ELISA. Multiplexing technology enables multiple parallel measurements that can lead
to rapid and systematic diagnoses because all samples are measured at the same time
against the same reference . Endo et al. #* fabricated a plasmonic chip with arrays of
fine structures about 1 nm apart and conducted measurements on 300 antibody-antigen
reactions by depositing nanolitres of antibody solutions on functionalized gold
nanospheres. Yonzon et al. - utilized a different strategy in that two types of silver
nanotriangles were fabricated. As a result, the spectral shifts could be resolved without

any special instrumentation because the two types peak in different spectral regions.

LSPR sensors also need to be integrated with microfluidics for practical applications so
that only small sample volumes are necessary. High speed and high throughput are the
two main advantages of microfluidic systems. Huang et al. * developed an LSPR-
microfluidic chip with automated sampling system that only required a sample volume of
2.5 pL. Further improvements are needed to scale up the system and to read out the

optical extinction from a large number of channels.

The objective of this thesis is to propose, design, and fabricate compact sensing platforms
that can be easily adapted by others working with different types of plasmonic
nanoparticles. Their compact nature ensures that they can be easily engineered into cost-

effective and portable point-of-care devices.

The second chapter covers the fundamental physics needed to fully understand this thesis.

The third chapter describes the development, fabrication, characterization, and



optimization strategies of a sensing platform based on the degree of coupling between
AuNPs and a planar waveguide. The fourth chapter proposes an ensemble hypothesis
along with spectroscopic evidence to explain the narrowing behaviour of ensemble LSPR
peaks upon the functionalization of AuNPs. A compact sensing platform is proposed
based on the ensemble hypothesis. The fifth chapter summarizes the conclusions and

future work.
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2 Fundamentals

2.1  Optical Properties of Noble Nanoparticles
211 A Semi-Classical Extension of the Drude Model

Unlike the alkali metals, interband transitions from lower-lying bands into the conduction
band or from the conduction band into higher unoccupied levels contribute substantially
to the dielectric function of noble metals. In this section, the linewidth and the frequency
of LSPR spectra for noble metals are discussed by considering the contribution of
interband transitions to the dielectric function, e(w), of free-electron metals that follow

the Drude model in the quasi-static regime “°.

Consider spherical metallic particles embedded in an isotropic homogeneous non-
absorbing matrix with dielectric constant em. It is assumed that the radius of the particles
is small enough (R « X) such that the external electric field can be treated as time
dependent but spatially homogeneous. In this quasi-static approximation, the particles are
treated as single dipoles reacting to the external field and retardation effects are ignored.
Due to their small size, the absorption cross section, o,,s(w), has a dominant

contribution to the extinction of light 47
Oabs(w) = k- Im(a(w)) 1)

where o(w) is the polarizability of the particle, and k = \/e,(w/c) is the magnitude of the
wave vector of the incident light in a certain medium. The interband susceptibility can be
expressed as ¥°(o) = 11®(®) + ix®(w). 11®(0) is delocalized on the frequency scale
whereas y1"(®) is only significant beyond the interband transition threshold (wi). Thus,
the corrected dielectric function is:

2
®p

e(w)=1- + x*(w) )

w2+iyw

where wp is the plasma frequency of the conduction electrons and vy is the rate of electron
collisions. The polarizability of spherical particles with only y:°(®) taken into account,
leads to *":



(1+x1ib—sm) 12mR3ep, 02
a(w) = 4mR3 - . 3
(@) (1+X11b+28m)+ (1+x11P+2ey) (Q2-w2-iyw) (3)

with the frequency:

Wp

Q= —2 (4)

/1+xlib+2£m

The absorption cross section is obtained by substituting equation 3 into 1:

9V em3/? Q%yw?
¢ (1+x1P+2em) (Q2-wH)2+(yw)?

(5)

Oabs (w) =

where V is the particle volume. LSPR corresponds to the maximum absorption cross
section that occurs when o = Q. Assuming em and y are independent of ®, expressions for
frequencies w1 and > are obtained that define the homogeneous linewidth of the LSPR
spectrum, I'. Subtracting the two, delivers the value of linewidth (I" = y). Thus, when the
incident frequency is below the interband threshold of metal particles (y2"-> 0), I" has the

same value as in free-electron metals 4647,

A basic expression for ¢ using the electric-dipole approximation for the electron-photon-
interaction-Hamiltonian of direct transitions was developed by Bassani and Parravicini 8.
By treating the Hamiltonian as a first-order time-dependent perturbation term on the
electronic states of the noble metals, the phenomenological interband susceptibility can
be derived from the transition probability rate:

2dk 1
Kk 2
Megr? ZlffBZ(2n)3 lf( )l {[Ef(k)_Ei(k)][(Ef(k)_Ei(k))z—hzwz] +1i 2h3 2

XP = 8[Ef(k) —

E;(K) — hoo]} (6)

where mesf IS the effective electron mass that accounts for the coupling between free
electrons and the ion core. e is a unit vector in the polarization direction of the incident
electric field. The integral with respect to the reciprocal lattice vector, K, is over the first
Brillouin zone (BZ). Mis is the matrix element of the dipole operator Mis = (Us;|er|ys)

with i and yr denoting the initial and final state. Assuming the matrix elements are
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constant throughout the Brillouin zone, one can compute 1™ and y2, respectively, from

the real and the complex part of equation (6).

The Drude model treats electron oscillation as a collective event followed by a relaxation
process dominated by single-electron collisions. This separate treatment leads to an
inherent inconsistency because the real and imaginary parts of a dielectric function are

connected by Kramers-Kronig relationship.

2.1.2 Mie Theory and Numerical Methods

The above discussion of quasi-static approximation fails for particles larger than 20 nm in
diameter. Mie theory, as a more general model, is the exact solution of Maxwell’s
equations that describes light extinction behaviour of spherical or infinite cylindrical
particles of arbitrary size and material “°°°. The solutions are obtained by solving
Maxwell’s equations in spherical polar or cylindrical coordinates with boundary
conditions defined by electron densities for the fields at the surface of the particles.
Extinction, scattering and absorption cross sections are calculated by series expansions of
the involved fields into partial waves of different spherical symmetries:

Oext = 5 Liz1(2L + 1)Re(a +by) Y
Osea = =5 Niza (2L + 1)(la? + [by]?) ®)

with
ay = mi (mx) Py, ()~ (M), (x) )

my,(mx)ng (x)— Y1 (mx)n,(x)

_ pLmOYL 0 -myl (mx) Y (x)
by = YLmx)n] (x)- my] (mx)n(x) (10)

with m = n/nm, and n the complex refractive index of the particle and nm the real
refractive index of the medium. x = kR is the size parameter. y(z) and n(z) are Riccati-

Bessel cylindrical functions . The prime denotes differentiation with respect to the



11

variable in parentheses. The summation index L indicates the order of spherical multipole
excitations in the particles: L = 1 corresponds to dipole modes (both electric and
magnetic), L = 2 to quadrupole and so on. Extensions of the Mie theory that account for
non-spherical geometries, core-shell structures, absorbing medium, and many more

situations are summarized by Hergert and Wriedt 2,

Several numerical methods have been developed to perform quantitative evaluation of the
optical response of nanoparticles when the situation cannot be solved analytically using
electrodynamics or when the extended Mie methods get very tedious. An overview of the
most commonly used method, discrete dipole approximation (DDA), is given %, For
other significant numerical methods such as finite element method *’, finite difference
time domain (FDTD) *8, and dyadic Green’s function method °°, please consult the

respective references.

DDA is a frequency domain approach that represents nanoparticles of arbitrary geometry
as a cubic array of N polarizable elements. The polarizabilities (ai, i = 1, 2, ..., N) of

individual dipoles are chosen so that the bulk material behaves the same as the continuum
solution to Maxwell’s equations. The dipole P induced by the local field Eloc at position T
is Pi = ai Eloci, Where Eioci the sum of the incident plane wave field (Einc,l, retardation

effects included) and the contribution from all other N-1 dipoles (Edipole,i):
Eloci = Einci * Edipolei = Eo exp(ik - F;) — YA B (11)

where |E,| is the amplitude of the incident wave and k = w/c. The diploe interaction

matrix Ajj is a 3 by 3 matrix. The dipole interaction term has the form:

(1—ikri]-)

I‘ijz

= exp(ikryj) (, 5o 5 =
Aj P = ’ {kzrii x (T x B) +

..3
1‘1]

where T;; is the vector from dipole i to j and rjj is the magnitude of that vector. PBi’s are

obtained by solving a system of 3N complex linear equations in the form specified as

follows, with Aii = o;t:
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Z?’=1 Aij 1_); = Einc,i (13)
The scattering and extinction cross sections can subsequently be calculated once PBi’s are
known. DDA methods is only valid when the defined lattice spacing d is small compared
to the incident wavelength so that |nlkd < 1, where n is the refractive index of the
particles; and d is small enough so that N is large enough to describe the particle shape
satisfactorily. When |n| >» 1, DDA can also fail even if the above validity criteria are

satisfied.

2.2  Total Internal Reflection (TIR) and Evanescent Field

The concept of TIR is essential to understanding planar (also called slab) waveguides.
Consider an interface separating the region of higher refractive index (n1) from that of

lower refractive index (n2). When a beam of monochromatic light (plane electromagnetic
wave) with wave vector Ki impinges on the interface, it splits into a transmitted wave with

wave vector k; and a reflected wave with wave vector k: (Fig. 1).

n,>1,

Figure 1. Incident beam is reflected and transmitted at a dielectric interface. Reproduced

with permission from ©°.

Since all three waves are plane waves, they can be described in the same form with

proper subscripts (i, t, r) on E, EO, and k:
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E@ 1) = E, - el&i-oD (14)

where E, is the amplitude, j is the imaginary unit (j = vV—1), T is the position vector, ® is

the angular frequency, and t is the time. The transmitted wave vector can be expressed as:

coscpt (—n )2
Kt=kt< ) \/ (15)

siny k
Z

kz=%mﬂM%%=%m@M%) (16)

When the incident angle @i is greater than the critical angle derived from Snell’s Law (¢
= arcsin(n2/n1)), TIR occurs and kx becomes an imaginary number. A new expression is

presented below to account for this change:

. 2
(i = Enye
k.= . a7)
k,

Inserting equation 17 into 14, we get the general expression for the transmitted wave

when the incident angle is greater than the critical angle:

g — — kZZ_ 2_1-[ 2. X .
E(F, t) = EO ‘e mx . e]kZ-Z . e—]a)t (18)

It can be seen that the transmitted wave propagates along the z-direction and decays
exponentially along the x-direction. The field produced by the exponentially decaying

component is thus evanescent.

2.3 Planar Waveguides

The principles of guided optical waves will be discussed in this section in the context of a

planar waveguide. Consider a three-layer planar waveguide (Fig. 2) with refractive index
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ns for the substrate layer, ns for the waveguiding layer (thin film), and nc for the cover. ns
needs to be greater than other two to guarantee TIR at the interfaces. The cover does not

need to be a solid. In this thesis, it is either air or a liquid.

e .

7S,

7
7 7 %
/DS////’

NN

i
e
3

Figure 2. Schematic sketch of a three-layer planar waveguide. Reproduced with

permission from .

Ray optics approach is used. Imagine a beam propagating in the film layer which gets
reflected total internally on the film-cover and film-substrate interfaces, with incident
angle ¢ (> @c). A phase shift will occur at each interface depending on the incident angle
and polarization of the incoming beam. For s-polarized light, the incident electric field
oscillates along the y-direction. The resulted phase shifts (¢) at the two interfaces can be

obtained from Fresnel equations:

_ ngZsing—ng?
tand¢s = mw— (19)
MeZsino—n.2
tandy, = VAf7SINQ=Nc” (20)

NeCOSQ

The resulted phase shifts for p-polarized light whose electric field oscillates along the x-

direction can be calculated in a similar way:

2 2ci —n.2
tandy = b SR TAL S (21)

ng?2 ngcose
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ng? /ne2sing—nc2
tandy. = n—zz—fnfws(p (22)
For each polarization, a guided mode is only possible when the two reflected waves

interfere constructively, which means the overall phase shift has to be multiples of 27x:
2hkonecosp — 2¢d¢s — 2¢¢. = 21q (23)

where h is the thickness of the film, ko is the incident wave vector in vacuum, and q = 1,
2, 3... Equation 23 can be used to calculate the number of guided modes in a given
waveguide. A guided mode is manifested as a propagating standing wave along the z-
direction with a field distribution along the x-direction that is specific to the polarization,
the incident angle, the thickness and refractive index of each layer within the waveguide.
As can be observed from Fig. 3, the mode profile is sinusoidal within the waveguide and
exponential extending into the substrate or the cover. The mode number (m) corresponds
to the number of times a mode profile intersects with x-axis. For example, TEo mode
does not cross the x-axis whereas TE: mode crosses once. Each mode has a unique
propagation velocity which is defined as the effective refractive index: Neff = NSin@m. Om
is the incident angle for mode m (TEm or TMm). The propagation constant of that specific

mode is then defined as Bm = koNefr.

A
/@k,
X

/ x
A

Figure 3. TEo, TE1, and TE> modes of an asymmetric planar waveguide. nc<ns<n.

Reproduced with permission from ©°.
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2.4  Grating Coupler

Due to its compact design, a grating coupler is used to couple light into waveguides in the
work reported in this thesis. Other coupling methods such as end-face coupling, prism
coupling and tapered coupling are detailed in 8162, In this section, the conditions for the

effective coupling of an incident beam to a selected mode is explained.

Figure 4. Phase-matching in a grating coupler. Reproduced with permission from ©°,

The coupling occurs when the wave vectors of the incident light and the mode match.

The coupling condition can be written as:
Bm = Bi G = ngkosing; + 0% (24)

where @i is the incident angle, o (= 0, 1, 2...) is the diffraction order, d is the periodicity
of the diffraction grating. We can see that the propagation constant of the incident light
needs to be boosted by the grating vector G. The propagation constants and the grating

vector are directional, but are written in their scalar forms for the sake of simplicity.
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3 A Mass-Producible and Versatile Sensing System:
Localized Surface Plasmon Resonance Excited by
Individual Waveguide Modes

This chapter is reprinted with permission from Ding, Z., Stubbs, J., McRae, D.,
Blacquiere, J., Lagugné-Labarthet, F., Mittler, S., A Mass-Producible and Versatile
Sensing System: Localized Surface Plasmon Resonance Excited by Individual Waveguide
Modes. ACS Sensors, 2018. 3(2): p. 334-341. Copyright 2018 American Chemical
Society. The copyright permission is included in Appendix A.

Abstract: A plasmonic sensing system that allows the excitation of localized surface
plasmon resonance (LSPR) by individual waveguide modes is presented conceptually and
experimentally. Any change in the local environment of the gold nanoparticles (AuNPs)
alters the degree of coupling between LSPR and a polymer slab waveguide, which then
modulates the transmission-output signal. In comparison to conventional LSPR sensors,
this system is less susceptible to optical noise and positional variation of signals.
Moreover, it enables more freedom in the exploitation of plasmonic hot spots with both
transverse electric (TE) and transverse magnetic (TM) modes. Through real-time
measurement, it is demonstrated that the current sensing system is more sensitive than
comparable optical fiber plasmonic sensors. The highest normalized bulk sensitivity
(7.744 RIUY) is found in the TM1 mode. Biosensing with the biotin-streptavidin system
shows that the detection limit is on the order of 10°* M for streptavidin. With further
optimization, this sensing system can easily be mass-produced and incorporated into high
throughput screening devices, detecting a variety of chemical and biological analytes via

immobilization of the appropriate recognition sites.

3.1 Introduction

Localized surface plasmon resonance (LSPR) sensors spark intensive research due to
their potential applications in disease diagnosis, drug discovery 4, proteomics ¢, and
environmental detection . Gold nanoparticles (AuNPs) exhibit LSPR when the incident
photon frequency matches the oscillation frequency of conduction electrons 2. The
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resonance results in a strong UV-Vis absorption band whose frequency is highly
dependent on the size, shape, distribution, dielectric properties, and local environment of
the AuNPs !. This frequency sensitivity towards local refractive index enables the
transduction of binding events on the AuNPs into optical signals: changes in LSPR

resonance wavelength, extinction, or both 2357,

The incorporation of a waveguide into LSPR sensor system for absorption-based
measurement overcomes four limitations of a conventional plasmonic sensor that works
in the direct transmission mode. First, the traditional configurations are susceptible to
optical noise introduced by irrelevant molecules that scatter or absorb as light propagates
33,88 \Waveguides, on the other hand, guide light with low loss and are relatively immune
to outside interferences. Second, positional variation of signals resulting from the
nonuniform and polydisperse nature of the nanoparticle population compromises the
reproducibility of sensor behaviour. In contrast, waveguide sensors detect the integral
behaviour of all the nanoparticles inside a sensing area, leading to a higher
reproducibility. Third, due to the spectroscopic nature of conventional sensors, bulky
prims and moving optical components present engineering challenges for high throughput
screening applications . On the contrary, a system of slab waveguide combined with a
monochromatic light source is structurally robust and highly miniaturizable 7. Lastly,
transmission-based sensors limit the exploitation of nonspherical plasmonic features that
are sensitive to polarized light because the electric field of incident light cannot oscillate

in its direction of propagation. The use of a waveguide liberates this limitation.

Herein, conceptually and experimentally, a mass-producible and versatile plasmonic
sensing system that allows the excitation of LSPR by individual waveguide modes is
presented. This system can be adapted by research groups working on plasmonic
nanoparticles of various shapes and sizes, and is able to detect a variety of chemical and
biological analytes by immobilizing the appropriate recognition sites on the
nanoparticles. To demonstrate the advantages of the system, the mode-specific bulk
sensitivity of pancake shaped AuNPs immobilized onto the waveguide surface via
organometallic chemical vapor deposition (OMCVD) is studied. First, the quality of the

slab waveguide before and after gold deposition is characterized via m-line spectroscopy.
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Through real-time measurement, it is demonstrated that the current sensing system is
more sensitive than comparable optical fiber plasmonic sensors "2, Furthermore,

optimization strategies in the context of the sensitivity study are discussed.

3.2 Experimental Section
321 Materials

Chloro(trimethylphosphine)gold(l) (99%), methyl lithium (1.6 M in diethyl ether),
lithium  aluminum  hydride  (95%), magnesium  sulfate, chlorobenzene,
trichloro(octadecyl)silane (OTS), 11-mercapto-1-undecanol (97%; referred to as alkane
thiol hereafter), and silicon sheets were acquired from Sigma Aldrich (Ontario, Canada).
Sulfuric acid (98%), hydrogen peroxide (30%), ethanol, glycerol, and toluene were
obtained from Caledon Laboratories Ltd. (Ontario, Canada). Polystyrene granules were
purchased from Goodfellow Cambridge Ltd. (Huntingdon, England). Monothiolalkane
PEG-biotin was purchased from SensoPath Technologies (Montana, USA). Streptavidin
was obtained from Rocklan Immunochemicals Inc. (Pennsylvania, USA). Diethyl ether
was distilled from lithium aluminum hydride and degassed before use. Water used during
this study was deionized, obtained from Millipore cartridges. All other materials were
used without further purification. Fused silica substrates with a coupling grating (2.5 cm
x 5 cm, 1 cm between the top and the grating edge) were fabricated at the RheinMain
University of Applied Sciences Wiesbaden, Risselsheim, Germany. OMCVD was

carried out in a custom-made glass chamber.

3.2.2 OMCVD

Methyl(trimethylphosphine)gold(l) was synthesized as previously described in the
literature "®. AuNPs were deposited as previously described with modifications 3.
Information regarding the instrumentation (spin coater and UV ozone generator) is
documented in the same paper "3. Fused silica substrates carrying a coupling grating were

used as waveguide substrates. The spin coating solution was prepared by dissolving 1.5 g
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of polystyrene in 13 mL of chlorobenzene. The spin coating speed for the polystyrene
waveguide was 2200 rpm. The baking process after spin coating was omitted. A piece of
silicon sheet, the same size as the waveguide, with a circle carved out (1.6 cm in
diameter, 1.5 cm away from the top), was placed on top of the polystyrene waveguide
during UV ozone treatment. Additionally, 0.6 mL of hydrogen peroxide was added into
the UV ozone chamber to enhance -OH group creation on the polystyrene waveguide.
OMCVD was performed at 65.5 °C for 11 min 30 s under 13.5 Pa.

3.2.3 Optical Setup and UV-Vis Spectroscopy

Modified from the literature "4, the optical setup of m-line spectroscopy and bulk sensing
is essentially the same. Light emitted from a red HeNe laser (632.8 nm, 10 mW; JDS
Uniphase, USA) passes through an optical chopper (Signal Recovery 197, Ametek Inc.
USA), a linear polarizer (Newport Corporation, USA), and an iris (Thorlabs 1D8, USA)
before reaching the edge of the coupling grating. Waveguide transmission is measured
with a photodiode pressed against its end face. The photodiode signal is modulated by a
lock-in amplifier (Signal Recovery 7265 DSP) for noise reduction. A sample holder,
clamping the waveguide and a Teflon® flow cell ( 1 mL) in place, is situated on a three-
axis mount (Owis, Germany), which is controlled by a goniometer (Huber, Model 414,
Germany). Both the goniometer and the lock-in amplifier are connected to a computer.
All optical experiments were carried out at 20 °C. The m-line spectrometer was scanned
in increments of 0.025°. The angle of incidence is defined as the angle between the
incident light and the surface normal (y-axis of Fig. 5.). Coupling angles for individual
modes are found at angles with the highest intensities at end face. A software package
(MPI for Polymer Research, Mainz, Germany) is used to control the m-line setup. It has
two operation modes: a) an m-line mode where the waveguide transmission is measured
as a function of incident angle, and b) a kinetic mode where the signal at the end face is
measured over time at a fixed coupling angle position. UV-Vis spectroscopy in
transmission (perpendicular to the propagation direction of waveguide modes, along y-
direction of Fig. 5) was performed with a Lambda 850 UV-Vis spectrometer (Perkin

Elmer, USA) to gain information about the spectral response of the AuNPs.
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3.24 Bulk Sensing

Bulk sensing was carried out in the kinetic mode at the coupling angles obtained from m-
line spectroscopy. Starting with water, 2%, 4%, 5%, 7%, 9%, 11%, and 13% of glycerol
solutions (by weight) were introduced into the flow cell. The measurement was
conducted with TEo, TE1, TMo, and TM;: waveguide modes. A data point was recorded

every 5s.

3.3 Results and Discussion
3.3.1 Sensing Mechanism and Theoretical Sensitivity

The key elements of the sensing system are illustrated in Fig. 5. Light propagating within
the waveguide assumes either a transverse electric (TE, s-polarized light) or a transverse
magnetic (TM, p-polarized light) mode. Coupling between the evanescent fields of a
waveguide mode and an LSPR mode is contingent upon resonance conditions of the
AuNPs being satisfied. Because of this strong coupling, light intensity within the
waveguide diminishes. Any increase in local refractive index of the AuNPs leads to a
redshift of their extinction peak. Consequently, the coupling is attenuated, and the
waveguide transmission signal rebounds. Since scattering behaviour of the AuNPs does
not contribute substantially to waveguide transmission, we will simplify the situation by
considering absorption spectra only.

+Y
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Figure 5. Schematic of the waveguide sensor. A substrate (white) carrying a coupling
grating (blue) supports a polystyrene waveguide (grey) with AuNPs (yellow) covalently
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bound on top. A flow cell is fixed to cover a circular sensing area where AuNPs are
deposited. Mode-selective coupling is conducted outside the flow cell to ensure constant
coupling conditions. The intensity of a transmitted waveguide mode is detected by a
photodiode (blue triangle) at its end-face. The electrical field oscillates in the xy-plane for

p-polarization (orange double arrow), and along the z-axis for s-polarization (green dot).

The bulk sensitivity of the system is defined as the change of signal output divided by the
change in refractive index, normalized by the signal of water (or any blank defined by the
user). All the liquid media mentioned in this chapter are assumed to be free of charge,
homogeneous, and isotropic. Consider a hypothetical absorption spectrum of AuNPs in
water described by function A(A). When a liquid of higher refractive index is introduced,
the absorption curve exhibits a redshift of AAL nm as indicated by the horizontal arrow in
Fig. 6. If the increase in refractive index is small enough, we can assume that the
resulting absorption spectrum is a redshifted version of the original one. The definition of
“small” is specific to the size, shape, distribution, and dielectric environment of AuNPs.
Thus, the shifted spectrum can be described by function A(A- AA). We can then
approximate A(A-AL) in terms of A(A) using Taylor expansion, where D' is the first
derivative of absorption with respect to wavelength, D" is the second, and so on.

_ @
6

AL — AN = AQQ) — AAD' + 2L pr

2
(A;\) DIII + ee (25)

Since the coupling conditions are unaltered throughout the experiment, the sensing area
has a constant feed of input intensity. The transmission signal increase with respect to
water (Al) upon injection of another liquid with a higher refractive index (An) is simply
the negative of the difference between A(A) and A(A-AL) at the observation wavelength as
marked by the vertical arrow in Fig. 6.
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Figure 6. A hypothetical redshift of an absorption spectrum of AuNPs induced by a
change in bulk refractive index, An. A(A): spectrum in water, solid curve; A(A-AL):
spectrum in a liquid of higher refractive index, dashed curve; Al at the observation

wavelength, vertical arrow; AL, horizontal arrow.

When the redshift is small enough, we can approximate the signal increase with only the
first term. Note that the first derivative of absorbance with respect to wavelength (D’)
evaluated at the observation wavelength is a constant for a given spectrum. The unit of D'
is a.u./nm. Because the LSPR peak wavelength is approximately linear with respect to
refractive index (ni) within a certain range !, we can decompose AL using two
proportionality constants, Swavelength and R. Swavelength 1S the sensitivity of LSPR peak
wavelength in nm/RIU. R is the response constant of the photodiode (or other detectors)
in mV/a.u. According to the definition earlier, the theoretical bulk sensitivity of this

absorption-based system, Saps, Within a linear range in RIU is:

_ Iliquid_ lyater _ DlswavelengthR (26)

S =
abs
AnXlyater lwater

Conventionally, the bulk sensitivity of an LSPR sensor is defined as the rate of
wavelength shift versus refractive index change, normalized by the full width of half
maximum (FWHM) of the resonance peak (Swavelengt/ FWHM in RIU™Y) . A narrow

ensemble peak entails rigorous control in AuNP’s synthetic techniques, which is
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necessary to improve the wavelength sensitivity. On the other hand, the sensitivity of this

proposed system is independent of FWHM and is amplified by the slope term (D).

3.3.2 Characterization of AuNPs

Polystyrene, like most polymers, is inert towards surface functionalization unless treated
with harsh chemicals. Such treatments undermine the integrity and high transparency of
polymer waveguides. In comparison, UV-activated ozone is relatively mild and suitable
for mass production. Reactive gaseous species generated by the photolysis of ozone react
with the polystyrene surface, introducing surface hydroxyl groups through the
combination of hydroxyl and carbon radicals . These hydroxyl groups are nucleation
sites for Au(0) nanoparticles that are formed through successive bimolecular reductive

elimination reactions between monoalkyl Au(l) species /"8,

However, UV ozone treatment alone did not guarantee a successful gold deposition every
time. There were instances where methyl(trimethylphosphine)gold(l) simply re-
condensed inside the reaction chamber and no AuNPs were observed at all. The addition
of hydrogen peroxide during UV ozone treatment significantly increases the success rate
of gold deposition to almost 100%. This might result from an increased surface density of
hydroxyl groups, which facilitates the transfer of methyl group from one methyl gold to
an adjacent gold center °.

The LSPR peak wavelength shifts by 10 nm as the bulk refractive index increases from
1.333 to 1.361 (Fig. 7A). The resonance wavelength is significantly redshifted in
comparison to colloidal AuNPs of similar size because of the substrate effect & and
possibly the interaction between gold and hydroxyl groups. Since the shape of the
absorption curve does not change significantly, we expect the linear range of sensor
performance is approximately between 1.333 and 1.361. The shoulder around 575 nm
might be the quadrupole peak that is exposed after the dipolar peak is redshifted >°. The
second peak in the 700 nm regime results from the plasmonic coupling of adjacent
nanoparticles 82, The spectra were only taken between 500 and 800 nm to focus on the

plasmon peaks.
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The diameter distribution (Fig. 7B) of the AuUNPs was measured with a scanning electron
microscope (SEM; Leo 1540 XB, Carl Zeiss, Oberkochen, Germany). 15 nm of
aluminum was sputtered on the polystyrene surface before the AuNPs were studied under
20 kV beam in back-scatter mode (Fig. 7C). The zoomed inset reveals the presence of
some clusters, which could result either from melting of the polymer substrate during
electron bombardment or from the aluminum deposition process. The mean diameter of
the AuNPs was found to be 19 £ 1 nm. The particles smaller than 14 nm were excluded
when calculating the mean diameter because they most likely resulted from the

inappropriate post-measurement image processing.
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Figure 7. (A) UV-Vis absorption spectra of AuNPs in water (solid) and ethanol (dashed)
measured in transmission (along y-axis of Fig. 5). (B) Histogram of particle diameters
from SEM image. (C) SEM image of OMCVD AuNPs on polystyrene: large scale bar
100 nm, small scale bar 20 nm. These images are of low quality because a short

integration time was used due to the unstableness of the polystyrene substrate. High-



27

resolution images require a relatively long integration time, which damages the polymer

substrate due to electron bombardment and local heating.

The topography of the AuNPs was analyzed with an atomic force microscope (AFM;
NanoWizard 1l, JPK Instruments Inc.) in non-contact mode with 512 x 512 points per
image. Commercial silicon tips (NCL-50, NanoWorld Inc.), with resonance frequency of
190 kHz and force constant of 48 N/m, were used in the measurements. The images were
processed by taking cross-sections of particles, then determining the height. The average
height of 50 particles investigated was found to be 7 + 3 nm. We therefore deal with
pancake shaped AuNPs with an aspect ratio (height/lateral) of 7:19. This finding is
consistent with previous studies on OMCVD grown AuNPs with the same precursor.
Although a different substrate functionalizing self-assembled monolayer (-SH instead of -
OH) was used, the general outline of those AuNPs was found to be pancake shaped as
well with aspect ratios (height/lateral) of 1/1.5, 1/10 and 1/1.4 8%,

3.3.3 Waveguide Mode Profiles Before and After Gold Deposition

M-line spectroscopy scans angle of incidence as a function of waveguide transmission for
both polarizations, the maxima of which correspond to the coupling angles for individual

modes. These data are typically used to calculate the thickness and refractive index (n o«

Ve, ¢ is the real part of dielectric function) of a waveguide, if the optical data of its
substrate and coupling grating are known. In a classic m-line, the area of mode coupling
is identical to the rest of the waveguide. The peak width delivers information on the
imaginary part (¢") of the dielectric function (¢ = €'+ig"), thus describes the absorption
and scattering features of the waveguide. In our case, characterization of the waveguide
after gold deposition (Fig. 8, black line) differs from the classic operation in that coupling
is performed outside the area with AuNPs and that waveguide transmission is collected
after certain degree of energy transfer to AuNPs. As a result, the peak intensities decrease
and the peak widths increase in comparison to the bare waveguide (Fig. 8, grey spectra).
Simulations with Fresnel equations for waveguide modes reveal increased peak widths

and decreased peak heights with increasing absorpt ion in the system. Therefore three
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related parameters are considered: coupling angle, peak intensity, and peak width. The
coupling angle is directly related to the effective refractive index of a guided mode under

its coupling conditions &,

Because the coupling conditions of individual modes remain unaltered before and after
gold deposition, their coupling angles, or as depicted in Fig. 8, their peak positions

remain unchanged given the uncertainty in angle measurement is + 0.025°.
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Figure 8. Baseline corrected m-line spectra for (A) p-polarization and (B) s-polarization.
Bare waveguide, grey; waveguide after gold deposition, black. Please note the difference

in the intensity scale for s- and p-polarization.

To quantify the extent of energy transfer from the waveguide to the AuNPs, we define
two normalized parameters: the index of waveguide absorption (IOWA) and the index of
nanoparticle absorption (IONA). IOWA = FWHM/Imax in (°/mV). IONA = (IOWAaunr -
IOW Abare)/IOWAnare, Which describes the contribution of the AuNPs to coupling peaks
measured at the end face. The m-line peaks were fitted with a Gaussian model using
Origin Pro 8, from which values of FWHM were extracted. Table 1 summarizes the two
parameters for all four guided modes. A more exhaustive table on the parameters of the
coupling peaks can be found in Table S1 of Appendix B, together with their experimental
errors. The peak intensity, Imax, is the value displayed on the lock-in amplifier when the
waveguide is turned to the coupling angle of a certain mode.
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IONA signifies the normalized proportion of guided light absorbed by AuNPs. The
difference between the two polarizations is caused by the distinct absorption behaviour
when pancake shaped AuNPs are illuminated along different axes (see Fig. 5 for the
coordinate system), which ultimately stems from their unsymmetrical shape and
dielectric environment. TE modes probe along the z-axis or the long axes of the pancake
shaped AuNPs, whereas TM modes probe mostly in y-direction or along their short axes
(a small x-component is ignored for simplicity) 8. Because the long axis contains more
material than the short axis, the particles illuminated by TE modes absorb more light than
those excited by TM modes as confirmed by the IONA values in Table 1. Note that lower
IONA values of TM modes do not directly translate to less amount of guided light being
absorbed because they are normalized values. However, due to the facts that TM modes
carry less light before gold deposition and that less proportion of light is absorbed after
gold deposition, we can draw the above connections between AuNP absorption and

IONA values of two polarizations.

Table 1. Parameters that quantify the extent of energy transfer from the waveguide to the
AUNPs.

T™M, ™, TEo TE:
Bare waveguide IOWA (°/mV) 0.053 0.013 0.018 0.0039
After gold deposition IOWA (°‘mV) 0.072 0.027 0.073 0.026
IONA 0.36 1.0 3.0 5.8

Within both polarization directions, the IONA value for the first mode (TM1 and TE,) is
higher than the zeroth mode (TMo and TEo). Here, the difference in absorption cross
section originates from the evanescent fields of different waveguide modes: with
increasing mode number, the integrated mode intensity increases &°. Consequently, within
a chosen polarization, LSPR excited by the higher mode generates a more intense
plasmonic evanescent field, which leads to a superior sensitivity as we will see in the next
section. However, bulk sensitivities for different polarizations cannot be extrapolated
from m-line data because higher absorption does not equate to higher sensitivity (rate of
change of absorption with respect to refractive index) when AuNPs are illuminated along
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different axes. In conclusion, we find from the m-line investigation that coupling
condition remains unchanged before and after gold deposition. The argument of a
constant input in the theoretical derivation is thus valid. Sharp and defined m-line peaks
before and after gold deposition translate to a high-quality waveguide, which ensures its

reliable sensing behaviour.

3.34 Mode-Specific Bulk Sensitivity

The real-time waveguide transmissions of the TEo, TE1, TMo and TM1 modes (at their
coupling angles) are depicted in Fig. 9A-D. The mode-specific average waveguide
transmissions are tabulated in Table S2. The slopes of the linear regression lines (Fig. 9E)
represent the normalized bulk sensitivities for individual modes in RIU™L. Their numerical
values are 2.654 for TMo, 7.744 for TMy, 1.500 for TEo, and 2.909 for TE:. Note that the
normalized sensitivity for each mode is calculated using the values in Table S2 divided

by the transmission signal for water in that mode.
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Figure 9. Real-time transmission intensity of the (A) TEo, (B) TMo, (C) TE1, and (D)
TM: mode detected at the waveguide end face. The refractive indices of glycerol
solutions: 1.3330, 1.3353, 1.3376, 1.3388, 1.3412, 1.3436, 1.3460, 1.3485 %. The
uncertainty in intensity measurement is + 5x10° V. The periodic oscillation of data points
is due to the change of liquids and the elimination of air bubbles. (E) Normalized change
in waveguide transmission (unitless) with respect to change in refractive index for TM1
(red), TMo (black), TE1 (orange), and TEo (blue). The R? values of linear fittings are all
above 0.98. Volts instead of mV are shown to keep the original unit and significant

figures obtained from measurements.

Although liquid media can absorb or scatter photons while in the evanescent field of the
waveguide, they barely contribute to the change in waveguide transmission as the chosen
liquids are close to 100% transparent at the observation wavelength of 632.8 nm. Besides,
the AuNPs absorb orders of magnitude more photons. The linearity of the signal response

for all four modes is not valid beyond a refractive index change of (An) 0.0155, with
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water as the reference. As predicted in the last section, within a chosen polarization
direction, Spui value for the first mode (TMz or TEz) is higher than the zeroth mode (TMo
or TEp). This finding aligns with the established fact that integrated mode intensity
increases with mode number because other features of the AuNPs are identical within a

defined polarization.

LSPR excited by TM modes are more sensitive than that excited by TE modes. Unlike
conventional bulk sensing where the dielectric environment is assumed to be
homogeneous throughout plasmonic sensing volume; the bulk sensitivity investigated
herein is similar to a conventional short distance sensing in that only the absorption
caused by AuNPs very close to the waveguide surface is detected and thus contributes to
the waveguide transmission at its end face. Both the waveguide and the AuNPs sense by
evanescent fields (although of different nature) with exponentially decaying field
intensity. Haes et al. studied the short distance sensitivity of immobilized silver
nanostructures by functionalizing them with an alkanethiol and measuring the LSPR shift
by standard UV-Vis transmission with unpolarized light at 2 nm away from the silver
surface ®. They found that the short distance sensitivity is proportional to out-of-plane
height (short axis) and inversely proportional to in-plane length (long axis) of the silver
nanostructures. The unpolarized light used in their study is equivalent to the s-polarized
light in our study: they both probe along the long axes of plasmonic nanostrucutres that
are parallel to the substrate surface. The lower sensitivity of the LSPR induced by TE
modes can be attributed to two factors associated with their plasmonic evanescent field:
(1) the field intensity decreases due to increased radiative damping effects as the
nanoparticle width is increased; (2) the field intensity further decreases due to substrate
dielectric effects as larger medium dielectric constants lead to smaller fields .

To the best of our knowledge, no LSPR sensing system based on a multimode slab
waveguide and a monochromatic light source has been studied. The most comparable
sensitivity experiment was carried out using an optical fiber sensor with AuNPs

immobilized electrostatically ™ or covalently 2. Their transmission sensitivities
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normalized against water were reported to be around one and 4.16 respectively (in RIU"
1). Other groups have reported improved sensitivity of 30 and 35 both in a.u./RIU 8-,
However, the authors did not comment on their choice of the arbitrary absorption unit,
nor did they normalize the sensitivity against a blank sample; therefore, their values are
not comparable to the ones obtained above. Other than better structural stability, the ease
of mode selection of a multimode slab waveguide is preferable over an optical fiber
because sensitivity increases with mode number for a defined polarization. Without any
rigorous control in the synthetic techniques of the AuNPs, the highest dipolar sensitivity
(TM1 mode) of the sensing system is comparable to the quadrupolar sensitivity of a gold
nanobipyramid (7.4 RIU™?) and higher than its dipolar sensitivity (4.5 RIU™?), obtained

from wavelength measurement ™.

Biotin-streptavidin system was used to examine the sensor performance (at TM1 mode) in
a biological environment. Thiol solution was prepared in a total concentration of 5x10*
M in ethanol, with 95:5 (molar ratio) of alkane thiol to biotinylated thiol. AuUNPs were
functionalized with an excess of thiol solution for 12 h. The sensor was exposed to water
for a few minutes before the injection of streptavidin to obtain the blank signal. The
lowest concentration that leads to a signal increase of more than three times the noise for
a blank measurement is 10™* M. Indeed, the injection of 10 M streptavidin solution did
not give rise to a detectable signal. Thus, the limit of detection (LOD) for this sensing
system is on the order of 10"%* M, which falls on the lower end of the range for LSPR
biosensors 2223 25 Without any optimization, this LOD already approaches that for the
most sensitive surface plasmon resonance (SPR) sensor %. If we assume a linear sensor
behaviour, a normalized signal increase of 0.031 (0.083 mV / 2.71 mV) corresponds to a
0.004 increase in refractive index, given that the sensitivity for TM1 mode is 7.744 RIU™,
As shown in Fig.10, the kinetic signal increases until all streptavidin molecules are bound
to biotin, after which the signal plateaus (from 1500 to 2000 s). The observed signal
shape is determined by the diffusion of streptavidin molecules as well as the binding
kinetics between biotin and streptavidin. Since the signal increases gradually (from 500
to 1500 s) instead of instantaneously as in the bulk sensing experiment, it is not

influenced by an increased bulk refractive index introduced by the streptavidin solution.
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Figure 10. Binding Kkinetics of streptavidin to biotinylated AuNPs, observed at TM;
mode. The sensor was exposed to water between 0 and 220 s. The streptavidin solution
was injected around t = 220 s. The waveguide transmission between 220 and 500 s is
slightly higher than that between 0 and 220 s because of an increased bulk refractive
index. The blank (water) signal was 2.71 mV. The signal increased by 0.083 mV from
2.725 mV to 2.808 mV.

3.35 Factors Affecting the Sensor Performance

We consider three aspects of the sensor performance: sensitivity, stability and
reproducibility. The observation wavelength needs to be picked strategically so that the
slope of the absorption spectrum is maximized without compromising the reliability, the
sensitivity and the linearity of signal response: the steepest section might be too far away
from the resonance wavelength, which results in either undetectable signal or signal
without a consistent trend. Thanks to the tunability of OMCVD, we have the liberty of
testing various AuNP populations with LSPR wavelengths shorter and longer than the
observation wavelength (to the shorter and longer wavelength of 632.8 nm). When the
absorption maximum falls to the left of the observation wavelength (Fig. 11, red), the
observed absorption increases with the redshift of the spectrum, until the LSPR
wavelength coincides with the observation wavelength (the red dot to the green dot; a
decrease in waveguide transmission). This process is then followed by a further redshift,
which leads to a decreased absorption (the green dot to the blue dot) or an increased

waveguide transmission. Such inconsistent trend in signal response is undesirable. On the
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other hand, a sensor with an LSPR wavelength longer than the observation wavelength,
such as the system studied here, offers a reliable signal response of increasing waveguide
transmission without any reversal (Fig. 6). A certain level of signal fluctuation is
expected unless a channel waveguide is implemented; the spreading of light into the z-
direction will be not problematic for a micron-wide channel waveguide. Reducing the
length of the planar waveguide and increasing the ratio of sensing versus non-sensing

area will improve the signal-to-noise ratio, but not significantly.
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Figure 11. lllustration of the shifting behaviour when the initial LSPR wavelength is
below the observation wavelength. The initial absorption spectrum (red) exhibits a
redshift (green), then a further shift (blue). The observed absorption at each stage is
highlighted with a dot. The change in absorption with the redshift is indicated with
arrows in the insert. The time sequence will be red, green, and blue. Such an inconsistent

trend is undesirable.

In terms of mechanical stability, a transition from glass substrates to all-polymer
substrates will be implemented in the near future, because the latter is much less fragile
and more mass-producible. The coupling grating will be hot embossed from a nickel
mold. Although the sensor is designed to function as a disposable device, reproducibility
still needs to be considered to ensure a consistent sensor performance. One major
drawback of OMCVD is the lack of control over the distribution of nanoparticles, which
affects both intensity and wavelength sensing. Our signal is rather less affected by a
nonuniform distribution because it is determined by the accumulative absorption of all
the AuNPs in the path of a propagating mode; whereas conventional wavelength sensing
only measures through a single spot. A bulk sensing calibration can be performed to

standardize sensor performance by signal offset. Because the linearity of waveguide
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transmission with respect to refractive index has been confirmed for all four modes, two

points should suffice.

3.4 Conclusion

Plasmonic nanoparticles with various shapes and sizes can be covalently immobilized
onto the waveguide surface via OMCVD, given the corresponding precursor is available
commercially or synthetically. Through an appropriate self-assembled monolayer, the
discussed sensing system is able to detect a variety of chemical and biological species.
Briefly looking into the future, we expect that with optimization, the sensing system can

easily be mass-produced and incorporated into high throughput screening devices.
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4 Narrowing of Plasmon Resonance Peaks as an Ensemble
Effect

This chapter contains materials from an accepted manuscript to The Journal of Physical
Chemistry C. The manuscript is subject to ongoing editorial changes. The copyright
permission from the editor is included in Appendix A.

Abstract: The frequency of localized surface plasmon resonance (LSPR) displayed by
gold nanoparticles (AuNPs) redshifts as a function of their local refractive index, which
renders them valuable transducers for sensing applications. An ensemble hypothesis is
presented herein, along with spectroscopic evidence, using the biotin-streptavidin system
on immobilized AuNPs to interpret the decrease in ensemble linewidth (ELW)
consistently observed upon functionalization of plasmonic nanoparticles and the
subsequent analyte binding. These results demonstrate that ELW can be used to monitor
recognition reactions, providing spectral details and a possible sensitivity enhancement to
the conventional wavelength sensing. A novel sensing platform allowing the
simultaneous measurement of both LSPR wavelength and ELW is proposed, which not
only combines the advantages of both parameters but also permits real-time measurement

and miniaturization.

4.1 Introduction

Gold nanoparticles (AuNPs) exhibit localized surface plasmon resonance (LSPR) whose
frequency is dependent on their size, shape, interparticle spacing, and local
environment.®**? This latter dependency renders them valuable transducers that convert
small changes in the local refractive index into spectral shifts of their extinction

spectra,93-%

Significant effort has been dedicated to improving the intrinsic sensitivity of LSPR
sensors via the optimization of instrumental setups®; as well as the exploitation of
novel geometries®*° and materials'-1%2 for higher polarizabilities. As an alternative to

wavelength and intensity sensing, the sensitivity can be further improved extrinsically by
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monitoring the change in curvature?’ and inflection points®® of the resonance peak. These
extrinsic methods are post-measurement manipulations of the extinction spectra that
require strategic smoothing algorithms so that the signal to noise ratio (S/N) is not
degraded by numerical differentiation', Thus, challenges exist if one wishes to obtain
real-time results on a portable device that relies on a relatively simple and universal

processing algorithm.

To detect a specific analyte, AuNPs typically need to be functionalized with a self-
assembled monolayer (SAM), with the corresponding recognition moieties exposed on
the outside.!%1% Spectroscopic measurements'®1%" and theoretical models'®®1° have
shown that chemical interface damping induced by adsorbate molecules increases the
homogeneous spectral linewidth of a single plasmonic nanoparticle. One could argue that
if every single nanoparticle within an ensemble displays the same amount of spectral
redshift, the ensemble spectrum should broaden as a summation of individual damping.
However, a decrease in the ensemble spectral linewidth is consistently observed for
plasmonic nanoparticles, upon both SAM formation and analyte binding (see Table S3
for the estimated peak widths).?” 37 111114 The reason for such narrowing phenomenon

has never been discussed.

Herein, an ensemble hypothesis along with experimental evidence is presented as an
interpretation of the ensemble narrowing effect, based on which a novel avenue of
sensing is proposed using the classic biotin-streptavidin system as a demonstration. This
portable sensing platform is highly adaptable and allows the simultaneous register of both
LSPR peak position and bandwidth, providing comprehensive spectral information as
well as possibilities of extrinsic sensitivity enhancement, real-time measurement and

facile miniaturization.
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4.2  Experimental Section
4.2.1 Materials

Chloro(trimethylphosphine)gold(l) (99%), methyl lithium (1.6 M in diethyl ether),
lithium  aluminum  hydride  (95%), magnesium  sulfate, chlorobenzene,
trichloro(octadecyl)silane (OTS), and 11-mercapto-1-undecanol (97%; referred to as
alkane thiol hereafter) were acquired from Sigma Aldrich (Ontario, Canada). Sulfuric
acid (98%), hydrogen peroxide (30%), acetone, ethanol, methanol, 1-propanol, and
toluene were obtained from Caledon Laboratories Ltd. (Ontario, Canada). Polystyrene
granules and polymethylmethacrylate (PMMA) sheets were obtained from Goodfellow
Cambridge Ltd. (Huntingdon, England). Monothiolalkane PEG-biotin was purchased
from SensoPath Technologies (Montana, USA; referred to as biotinylated thiol hereafter).
Streptavidin was obtained from Rocklan Immunochemicals Inc. (Pennsylvania, USA).
Plain microscope slides were purchased from Bio Nuclear Diagnostics Inc. (Ontario,
Canada). Diethyl ether was distilled from lithium aluminum hydride and degassed before
use. Water used during this study was deionized, obtained from Millipore cartridges. All
other materials were used without further purification. Organometallic chemical vapor

deposition (OMCVD) was carried out in a custom-made glass chamber.

4.2.2 OMCVD

Methyl(trimethylphosphine)gold(l) was synthesized as previously described in the
literature.” Gold nanoparticles (AuNPs) were deposited as previously described with
modifications.” Microscope slides were cut into 0.8 cm by 2.5 cm pieces and cleaned in
1:1 ethanol and acetone mixture by sonication for 30 min before use. Polymer substrate
was prepared by spin coating polystyrene solution (1.5 g in 13 mL of chlorobenzene) on
pre-cut PMMA (0.8 cm by 2.5 cm) at 2200 rpm. Hydrogen peroxide (1 mL) was added
into UV ozone chamber to enhance the creation of surface —OH groups on microscope
slides or PMMA substrates. OMCVD was carried out at 65.5 °C under 13 Pa for 6-8 min

to yield various sizes of AuUNPs.
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4.2.3 Scanning Electron Microscopy (SEM) Characterization of AUNPs

The diameter range was determined with an SEM (Leo 1540 XB, Carl Zeiss,
Oberkochen, Germany) under 20 kV beam in back-scatter mode. 15 nm of aluminum was
sputtered onto substrates prior to measurements. The microscopy images are of low
quality due to the non-conducting nature of glass. Four different samples with LSPR peak
wavelength of 532.5 nm, 578.0 nm, 552.0 nm and 514.5 nm were measured. Their
respective diameters were 6.6 + 1.2 nm (Fig. 12A), 8.6 = 1.9 nm (Fig. 12B), 7.4 + 1.6 nm
(Fig. 12C), and 5.6 + 1.3 nm (Fig. 12D). The sample shown in Fig. 12B was not used for
spectral study due to the crowdedness of the nanoparticles. Its size measurement
represents the upper limit of the nanoparticles studied. Since the mean diameter increases
with LSPR wavelength'®®, nanoparticles from all the samples studied fall within the

regime of electrostatic approximation.>
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Figure 12. SEM images and diameter distribution of four different ensembles/samples of
AUNPs with localized surface plasmon resonance (LSPR) peak wavelength of 532.5 nm
(A), 578.0 nm (B), 552.0 nm (C) and 514.5 nm (D). Their respective diameters were 6.6
+1.2n0tm, 86+ 1.9nm, 7.4+ 1.6 nm, and 5.6 + 1.3 nm. Sample B was measured under
SEM as a demonstration of the upper size limit of the nanoparticles studied. It was not
used for spectral measurement due to the crowdedness of the nanoparticles.

4.2.4 Biosensing

All absorption spectra were obtained in water for glass substrates and in air for polymer
substrates, using a Lambda 850 UV-vis spectrometer (Perkin Elmer, USA) in
transmission mode. The scanning was performed between 400 and 800 nm, in increments
of 0.5 nm for glass substrates and 2 nm for polymer substrates. The SAM was prepared
with 95:5 (molar ratio) of alkane thiol to biotinylated thiol in a total concentration of
5x10* M ethanolic solution. AuNP samples were functionalized with an excess of thiol
solution for 18~24 h. Each sample was exposed to higher and higher concentration of
aqueous streptavidin solutions between 1032 and 10> M. Each concentration was allowed
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at least 3h reaction time. The samples were rinsed thoroughly with water before taking
their spectra to minimize unspecific binding. Bulk sensing was performed in the same

configuration.

4.2.5 Calculation of Ensemble Linewidth (ELW)

The ensemble linewidth, ELW, is defined as the spectral distance between the LSPR peak
position (Ao) and the half-maximum position (A1) toward the direction of longer
wavelengths, such as the red and the blue arrows in Fig. 13. All spectra were corrected
for baseline and normalized before ELW was extracted. The baseline was set to be the
absorption value at 700 nm from each raw spectrum due to the presence of strong
interference pattern from the substrate between 700 and 800 nm. The normalization was
performed so that the maximum absorption is unity. The LSPR peak position (L) was the
spectral position with the highest absorption value. The half-maximum position (A1) was
found from actual spectra using an iterative process to select the spectral position whose
absorption is closest to 0.5. The above steps were executed using MATLAB 2016.
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Figure 13. The normalized and baseline corrected absorption spectrum of an ensemble of
AuNPs before (blue) and after (red) being functionalized with the mixed thiol SAM. The
shift of maximum position (Ao—Xo’) and half maximum position (A1—A1’) determines
the values of Alispro and Alispri, respectively. The blue and red arrows (ELW and

ELW’) are staggered for better visualization.
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4.3 Results and Discussion
4.3.1 Premises of the Ensemble Hypothesis and Their Validity

As defined in section 4.2.5, ELW excludes the spectral region on the low-energy side of
the resonance peak, so that interband transition near the L-symmetry point with onset
energy of 2.4 eV is avoided for its effect on the spectral linewidth of single nanoparticles,
thus also on the ELW.?* Although there is another interband transition near the X-
symmetry point with onset energy of 1.8 eV, its absorption cross section is much weaker
in comparison to the L-symmetry transition.!’®11® Thus, the X-symmetry interband
transition has negligible contribution to the ELW. This argument can also be supported
experimentally, where surface-immobilized AuNPs were exposed to two different bulk
refractive indices (Fig. 14A). The ELW stayed constant within measurement uncertainty
even though the reversible shift of the plasmon peak altered the spectral overlap between

the X-symmetry transition edge and the LSPR peak position.
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Figure 14. (A) The raw absorption spectra of surface-immobilized AuNPs exposed to
methanol (n = 1.33), 1-propanol (n = 1.38), then back to methanol. ELW = 48 + 2 nm for
all three peaks. (B) The redshift of LSPR peak position as a result of thiolation versus the
LSPR peak wavelength before the formation of thiol SAM. Each data point represents a
different ensemble/sample. The trend is highlighted with an arrow.

The four premises of the ensemble hypothesis are: (1) AuNPs are immobilized on a
substrate; (2) there is a size distribution within an ensemble of AuNPs so that the
resonance peak position (Lo) is controlled by the predominant size and that the half
maximum position (11) is determined by larger particles; (3) all AuUNPs have similar bulk
sensitivity; (4) the ad-layer does not extend far beyond the evanescent decay length of
AUNPs.

The first premise is based on the fact that SAM molecules displace the surface anions of

chemically reduced colloids, disrupting the repulsive forces that stabilize the suspension.
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Thus, the observed optical changes for colloidal plasmonic nanoparticles should largely
be attributed to the aggregation of colloids and not to the presence of thiol capping
layers.!1%12! The ensemble hypothesis is therefore only valid for surface immobilized
nanoparticles. In fact, ensemble peak broadening instead of narrowing has been observed

for colloidal plasmonic nanoparticles.? 122-123

The second premise should be valid for a realistic ensemble with a reasonable size
distribution as long as the LSPR peak position redshifts as the particle size increases (see
Fig. 12).24 % 115 The ensemble spectrum can therefore be described as the sum of single
particle spectra multiplied by their respective weighting factors according to the size

distribution.?*

The third premise is supported theoretically'® as all the AuNPs studied fall within the
regime of electrostatic approximation (see section 4.2.3 and Fig. 12 for size
measurements). It is also corroborated by the bulk sensing experiment (Fig. 14A) in that
all the AuNPs exhibited the same amount of redshift and blueshift reversibly, leading to a
constant ELW throughout a cycle of change in bulk refractive index. Moreover, it has
been shown explicitly that the bulk sensitivity of surface immobilized AuNPs fall within
a narrow range regardless of the size for particles up to 48 nm in diameter.?* The fourth
premise should generally hold true for small organic molecules. Otherwise, the
exponentially decaying field will lead to a weak response. Since the decay length is
comparable to the particle size, an ad-layer of around 10 nm in thickness is reasonable for

simple systems such as biotin-streptavidin, whose swollen thickness is around 6 nm.*?

4.3.2 Ensemble Hypothesis

For an ensemble of AuNPs, let the diameter and the evanescent decay length of the
predominant particle size (peaking at Ao) denoted by Do and lo; and those of the particles
peaking at A1 by D and l;. Quantitatively, the shift of the Ao position of an ensemble
spectrum (AALspro, equation 27) due to a single adsorbed layer of uniform thickness can

be expressed in terms of its refractive index (na) and thickness (Ad); refractive index of
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the solvent (ns); characteristic decay length (lo) and bulk sensitivity (m) of the
nanoparticles.'?” The shift of the A1 position (AiLspr1) can be obtained the same way by
substituting 11 for lo and A1 for Ao. Therefore, the change in ensemble linewidth (AELW,
equation 28) can be expressed as the difference between Alispri and AArspro as
illustrated in Fig. 13.

2Ad

Ao — Ao = Ahypro = My —n)(1—e To (27)
a2
AELW = Al spry — Alpspro = m(ng —ng)(e o —e In (28)

Given that m, (na — ns), and Ad terms are the same for all sizes within an ensemble,

A)lLspro and AELW are entirely determined by the exponential terms in both equations.

2Ad
Since smaller nanoparticles have shorter decay lengths'?®, their 1 —e o terms are

larger, leading to more pronounced shifts. In fact, smaller particles are more sensitive due
to a more confined electromagnetic field and a larger analyte to sensing volume ratio.%*
129130 This comparison is supported both theoretically*?® and experimentally (Fig. 14B)
where smaller AuNPs peaking at shorter LSPR wavelengths exhibited larger redshifts
after the formation of thiol SAM. Since the trend of smaller AuNPs exhibiting higher
surface sensitivity is valid for particles up to 80 nm in diameter and an ad-layer of 15 nm
in thickness'?®, the ensemble hypothesis should be applicable in a wide range of
situations as long as the four premises are satisfied. This allows the interpretation of
ensemble narrowing observed in the literature 2 37 111-114 and ensures the adaptability of

the sensing platform we will propose in section 4.3.3.

Within an ensemble of AuNPs, since Do is smaller than D1, AALspro is larger than
AMLspri, the ELW decreases as a result of thiolation. Indeed, the decrease in ELWs for 18
arbitrarily chosen ensembles after being functionalized with the thiol mixture (Fig. 15A)
confirms the above conclusion and the narrowing effect observed in the literature.?” 3" 111-
114 In short, the ELW is decreased due to a differential behaviour that arises from the
ensemble size distribution: smaller particles corresponding to the blue side of a spectrum

display larger redshifts than the larger ones that contribute to the red side of the spectrum.
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Figure 15. (A) ELWs of different AUNP ensembles before (blue) and after (red) being
functionalized with the mixed thiol SAM. The trend is highlighted with an arrow. Each
blue point or each red point represents a different ensemble/sample. See Table S4 for
their numerical values. The error bars are within the size of the symbols. (B) Time
evolution of the ELW for one ensemble of AuNPs during the formation of the mixed
thiol SAM. The inset shows a first order kinetic for the ELW with respect to time. All

spectra were taken in water.

The time progression of ELW during SAM formation reveals a first order kinetic plot

(Fig. 15B) even though the plasmon peak position (Ao) remains unchanged (see Fig. S1
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for raw spectra). Thus, ELW unveils information that might otherwise be lost by

monitoring the resonance peak position alone.

4.3.3 ELW for Biosensing

The continuation of ensemble narrowing from SAM formation to analyte binding is
observed for AuNPs immobilized on both glass and polystyrene substrates (Fig. 16A and
16B respectively, green triangles). The shift of LSPR peak wavelength (Fig. 16A and
16B, orange circles), on the other hand, increases with a growing thickness and refractive

index of the biotin-streptavidin layer.
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Figure 16. LSPR peak shift (orange circles) and change in ELW (green triangles) with
respect to bare AuNPs versus concentration of streptavidin for (A) a glass substrate in
water and (B) a polystyrene substrate in air. (C) Linear correlation between the change in
ELW and the shift of LSPR peak wavelength. The slope and R? are -0.72 and 0.99 for the
glass substrate (red); -1.9 and 0.98 for the polystyrene substrate (black).
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Because there will always be some degree of surface defects in SAM layers over the
probing area of the UV-vis spectrometer, as can be confirmed by the broad distribution of
shift response in Fig. 14B, the bound streptavidin and the biotinylated SAM are regarded
as one single ad-layer. In fact, treating two imperfect layers as separate entities distorts
the estimation of n..'?® Therefore equation 27 and 28 are still valid, with AlLspro and
AELW describing the shift of LSPR peak wavelength and the change in ensemble

linewidth with respect to bare AuNPSs in an aqueous environment.
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Figure 17. The change in ELW (AELW) and the shift of LSPR wavelength (ALSPRy) are

24d 24d 24d

proportional to (e 7o —e 1) and (1 —e o) respectively. AELW and ALSPRo exhibit
a quasi-linear relationship when the ad-layer thickness (d) is within about 5 nm, given
that the decay length lo is assumed to be 6 nm. This linear correlation is valid for different
values of (l:-lo), and the slope is steeper with a broader size distribution. [0,6] nm is
chosen to be the range of d because 6 nm is the reported thickness for a swollen biotin-

streptavidin layer.!3!

As more streptavidin molecules bind to biotin, Ad and (na — ns) increase as functions of

streptavidin concentration. Again, the m, Ad and (na — ns) terms are the same for all the
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2Ad 24d 2Ad
nanoparticles within a population. Plottinge o —e 1 versus 1 —e ‘o gives a quasi-

linear correlation between AELW and ALSPRo, as long as Ad is still comparable to o
(Fig. 17). The predicted linearity is corroborated for AuNPs on both glass and
polystyrene substrates (Fig. 16C). Furthermore, the theoretical slope of this quasi-linear
relationship becomes steeper with an increasing difference between lo and Iy (Fig. 17).
Since a broad size distribution (large li-lo) entails a large resonance linewidth that
decreases the figure of merit (FOM) of plasmonic nanoparticles,* monitoring the change
in ELW instead of wavelength shift proves more advantageous when the slope is steeper
than negative one; where the slope is determined by the values of Ad, lo and l1. The

linearity between ELW and LSPR peak position urges for a new sensing avenue.

Rather than a stand-alone sensing pathway, registering both ELW and LSPR peak
wavelength imparts comprehensiveness, flexibility and portability. This can be achieved
with a simplified transmission-based platform consisting of a prism and a photodiode
array (Fig. 18) that disperses and detects the transmitted white light sequentially. Without
any moving component, this configuration can be miniaturized more readily. ELW
encodes more spectral information than LSPR wavelength alone; but the latter requires
less computational effort and memory space, because ELW is calculated based on the
pixel distance between Ao and A1 rather than the pixel position of Ao alone. Users should

be able to choose either or both of the parameters depending on their needs.
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Figure 18. The proposed portable sensing platform that can monitor the change in both
LSPR peak wavelength and ELW.

Since ELW is calculated as the pixel distance between Ao and Ai, the measurement
uncertainty is double of what would be for reading the peak shift alone. However, S/N
can be enhanced by smoothing algorithm such as peak centroid fitting if necessary.'*?
Curvature has been proved useful for monitoring spectral changes without the influence
of zeroth and first order noise such as drift and tilt.?” However, taking second derivative
of absorption with respect to wavelength needs to be performed graphically, thus is not
suitable for a portable device with real-time readout. These types of noise can be
minimized by integrated a series of algorithms: Fourier transform, digital filters, and then
an inverse Fourier transform. The methods stated here are all extrinsic methods that can
be applied in conjunction with other intrinsic improvements outlined in the Introduction

to further enhance the sensitivity and S/N.
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4.4 Conclusion

The narrowing of ELW observed in the literature 2" 3" 111-114 can pe explained by a
differential shifting behaviour that arises from the ensemble size distribution as the
thickness of adsorbed layers increases. This ensemble hypothesis is corroborated by the
experimental evidence presented herein. While both are a function of analyte
concentration, ELW reveals more spectral details than plasmon peak position, and can
lead to a higher FOM if the slope of A ELW versus ALSPRy is steeper than negative one.
A portable transmission-based sensing platform allowing the simultaneous measurement
of both LSPR wavelength and ELW is proposed. In comparison to conventional sensing
configurations, the proposed platform not only reveals more spectral details and permits
real-time measurements, but also present a possibility of sensitivity enhancement and
miniaturization. This platform can also be adapted for other types of plasmonic
nanoaprticles with different size ranges and geometries as long as the four premises of the

ensemble hypothesis are satisfied.
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5  Conclusion and Future Work

In this work, it has been shown that the compact design of a waveguide-plasmonic hybrid
sensor not only allows quantitative evaluation of analytes, but also proves more sensitive
than the conventional transmission-based plasmonic sensors. In comparison to
conventional LSPR sensors, this system is less susceptible to optical noise and positional
variation of signals. Moreover, it enables more freedom in the exploitation of plasmonic
hot spots with both transverse electric (TE) and transverse magnetic (TM) modes.
Through real-time measurement, it is demonstrated that the current sensing system is
more sensitive than comparable optical fiber plasmonic sensors. The highest normalized
bulk sensitivity (7.744 RIU?) is found in the TM1 mode. Biosensing with the biotin-
streptavidin system shows that the detection limit is on the order of 10* M for

streptavidin.

Future work includes replacing the glass substrate with a polymer substrate so that the
platform is more structurally robust. By directing the incoming beam into multiple optical
fibres that are coupled to a multi-channel waveguide, the signal to noise ratio can be

significantly improved and the platform can be transformed into a multiplexed system.

It has also been shown that ELW exhibits a linear correlation with respect to the local
refractive index. This behaviour stems from the size distribution of an ensemble of
plasmonic nanoparticles and the superior surface sensitivity of smaller nanoparticles
when the thickness of the analyte layer is still comparable to the particle size. Future
work includes the construction of the proposed sensing platform and the testing of its

sensitivities using both bulk sensing and bio-sensing experiments.

The two platforms discussed in this thesis have great potentials for practical applications.
With further optimization, the sensing systems can easily be mass-produced and
incorporated into high throughput screening devices, detecting a variety of chemical and

biological analytes via immobilization of the appropriate recognition sites.
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Appendix B: Supporting Information for Chapter 3.

Table S1. Parameters for m-line peaks.
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TMo ™, TEo TE:
Bare Coupling angle | 33.775 30.250 33.625 30.400
waveguide
(£ 0.025°)
Peak intensity | 1.6 7.5 4.8 25.1
Imax (£ 0.1 mV)
FWHM (°) 0.085 0.099 0.084 0.097
IOWA (°/mV) 0.0531 +/0.0132 +|0.0175 +|0.00386 +
0.0033 0.0002 0.0004 0.00002
After gold | Coupling angle | 33.825 30.200 33.675 30.400
deposition
(x 0.025°)
Peak intensity | 1.2 3.0 1.2 3.3
Imax (i 0.1 mV)
FWHM (°) 0.086 0.081 0.088 0.087
IOWA (°/mV) 0.0717  +/0.0270 +|0.0733 | 0.0264 +
0.0060 0.0009 0.0061 0.0008
IONA 0.36+0.05 [1.0+0.1 3.0+0.3 58+0.2




Table S2. Average waveguide transmission* for each liquid medium.
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Average TMo TM1 TEo TE:
waveguide

. (£ 0.002 mV) (£ 0.003 mV) (£ 0.002 mV) (x 0.005 mV)
transmission
Water 1.675 3.986 1.557 3.696
2% 1.689 4.010 1.567 3.711
4% 1.701 4.064 1.570 3.728
5% 1.711 NA 1.574 3.737
7% 1.723 4.145 1.580 3.769
9% 1.731 4.263 1.585 3.781
11% 1.740 4.328 1.591 3.821
13% glycerol 1.748 4.408 1.597 3.852

*Qutliers were excluded for average calculation.




Appendix C: Supporting Information for Chapter 4.
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Table S3. Estimated ELW values from the literature before and after SAM formation and

analyte binding.?" 3" 111-114

Fig. in Fabrication SAM Recognition *ELW (nm)
ref. method; type of reaction
plasmonic Bare After SAM After
nanoparticles formation aflal?]te
binding
Fig. Nanosphere Octanethiol/11- Biotin- N.A. 97.5+2.5 925+25
2B lithography; mercaptoundecanoic antibiotin
silver acid + amine
conjugated biotin
Fig. 4'® | UV nanoprint Trithiolated Biotin- 51.84 | 50.9+0.9 40.1£0.9
lithography; gold polypeptites streptavidin 0.9
modified with biotin
at their N-terminals
Fig. Citrate reduced Thrombin binding Aptamer - S. | 50.0 50.0+1.2 476 +1.2
2D!2 colloids aptamers typhimurium 12
immobilized
with silanes; gold
Fig. Physical vapor Probe DNA with a DNA-DNA | 46.7+ 422+1.1 41.1+£1.1
4B deposition onto single mutation 1.1
silica (1 uM
nanoparticles; target DNA)
gold
Fig. Thermal Peptide nucleic acid | PNA-DNA 319+ 30,6+ 1.4 264+1.4
S5AM deposition onto (PNA) 1.4
silica (1M
nanoparticles; target DNA)
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gold

Fig.
5A27

Citrate reduced
colloids
immobilized

with silanes; gold

SH-PEG7-COOH

N/A

70.6 +
2.9

52929

N/A

*The estimated ELW values were obtained by measuring the physical distance between

Ao and Al, and then convert the physical distance to spectral distance by using the

corresponding wavelength axis as a scale bar. Please see Fig. 13 and the Experimental

section for the definition of A and A1.

Table S4. Numerical values for data points in Fig. 2A. LSPR wavelength and ELW for

18 arbitrarily chosen samples before and after functionalization with biotinylated thiol.

Name (arbitrary)
9B
13D
14B
14D
15C

15D

LSPR peak wavelength + 0.25 (nm)

bare

571.0

528.0

532.5

514.5

538.5

525.0

thiol

572.5

533.5

535.5

520.5

540.0

534.0

ELW + 0.5 (nm)
bare thiol
71.0 64.0
78.5 68.0
72.0 65.0
77.0 72.5
84.0 62.5
73.0 69.0




16C

17B

17C

17D

17E

18B

18C

18D

18E

19A

19D

20A

543.0

5E51E

548.0

549.0

549.0

552.0

572.5

566.5

535.5

531.0

540.0

531.0

543.0

559.5

552.0

557.0

555.0

562.0

572.5

566.5

541.5

535.5

540.0

538.5

68.0

77.5

65.0

66.0

78.0

73.0

70.5

74.5

62.5

74.5

76.0

77.5

64.5

67.5

60.0

60.0

60.0

61.0

66.5

74.0

56.5

69.0

75.5

71.5
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Figure S1. During the formation of the mixed thiol SAM, the ELW decreases whereas
the plasmon peak position stays unchanged. All spectra are unprocessed. An arbitrary

sample was measured here.
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