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Metallic nanoparticles (MNPs), especially those made of gold, silver, and copper.
are of great importance in many scientific disciplines. The free electrons inside the MNPs
can respond collectively to applied electromagnetic fields. This is called the excitation of
localized surface plasmon resonance (LSPR).

One of the most important aspects of surface plasmons (SPs) excitation is that it
allows the localization of the electromagnetic field at certain regions of the
nanostructured surface (or, in other words, the local field is “enhanced™). Based on this,
surface enhanced Raman scattering (SERS) and localized surface plasmon resonance
(LSPR) sensing can be realized.

The work in this thesis can be divided in two parts: These include the exploration of
self-assembled MNPs as new substrates for surface enhanced vibrational spectroscopy:
and the sensing applications of these assembled MNPs.

In the first part, the assembly of MNPs on gold electrodes and glass slides were
explored.

Firstly, “layer-by-layer” self-assembly of Au NPs on gold electrode was used to
construct a highly sensitive and reproducible SERS substrate that can work in an
electrochemical environment. The SERS performance, in terms of enhancement and

reproducibility, with the the numbers Au NPs “layers”, was examined. Meanwhile, the



potential window, during which a reproducible in situ SERS experiment can be
performed, was investigated. The possibility of such kind of substrate to be used in
surface enhanced polarization modulation infrared absorption spectroscopy (PM-IRRAS)
was also discussed.

The “layer-by-layer” self-assembly idea was extended to Ag NPs supported on glass.
The resulted substrate revealed that after multiple time self-assembly, the SERS
enhancement performance of the substrate can be 3 to 4 orders of magnitude higher than
just one Ag NPs deposition, depending on the wavelength used. Using this substrate, a
near-single-molecule sensitivity has been achieved.

In the second part, sensing applications of the assembled MNPs were examined.

The multiple “layers™ Au NPs on gold electrode was used to characterize a sample
biofuel cell anode, which consists three molecular “layers™: the linker 4-hydroxyphenol
(HTP), the co-enzyme analog Cibacron blue (CB), and the formaldehyde dehydrogenase
(FalDH). (In situ) SERS spectra of the sample biofuel cell at different construction stages
were recorded and compared.

The work about self-assembly of Ag NPs on glass was extended to fiber optics. The
tip of a fiber optic was modified with multiple “layers™ of Ag NPs, and the analytical
performance for remote sensing of this device was examined by the using of dyes with
different structures and charges. It was found that this device was among one of the most
sensitive SERS remote sensors when compared to the literature.

Finally, a LSPR biosensor based on self-assembly of Ag NPs on PET, a common
type of plastic, has been developed. The advantage of this sensor is that the surface of the
Ag NPs was able to be tailored into different functional groups, and therefore met

different requirements. Sample analysis for biological relevant species was performed.
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Chapter 1: Introduction

This chapter serves to clarify my research goals and to provide the basic background
required for the whole thesis. The general objective of this thesis was to explore the
application of metallic nanoparticles (MNPs) assemblies in surface-enhanced Raman
scattering (SERS) and in localized surface plasmon resonance (LSPR) sensing. A brief
discussion on the context of these objectives is presented first. The second part of the
chapter presents the organization of the thesis. The third part is to provide some general
background for readers from different disciplines. This background includes: the “abc”
of localized surface plasmon resonance (LSPR); the basics for LSPR sensing; an
introduction of surface enhanced vibrational spectroscopy; and, finally, a brief literature

review on the application of MNPs as substrate for SERS and LSPR sensing.



1.1 Research Objectives
1.1.1 Motivation

Metallic nanoparticles (MNPs), especially those made of gold, silver, and copper, are
of great importance in many scientific disciplines.'™ When the size of metallic materials
decreases to a certain extent (from a few to ~100 nm), their optical properties
substantially changes when compared to the bulk. This is due to the collective oscillation
of free electrons in the metal (localized surface plasmon resonance (LSPR)). (Fig. 1-1).
For gold, silver, and copper, the frequency for LSPR excitation falls within the visible
range. This makes these three metals the top choices for LSPR related applications. For
this reason, throughout this work, unless otherwise specified, MNPs only refer to NPs

made of one or more of these three metals.

E-field Mﬁtal

e cloud

Figure 1- 1 Localized SPR on a MNP excited by free-space light (reproduced with
permission, copyright 2003 the American Chemical Society).**

One of the most important aspects of LSPR excitation is that it allows the
localization of the electromagnetic field at certain regions of the nanostructured surface
(or, in other words, the local field is “enhanced”). The efficiency of low probability
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optical phenomena, such as Raman scattering, can be greatly enhanced due to this
localization of electromagnetic field (surface enhanced Raman scattering (SERS)). This
is particularly true at the junctions of MNPs (Fig. 1-2).%° In fact, SERS has become one
of the most powerful analytical tools, since it can provide single-molecule detection limit

together with the molecular vibrational signature i

520 nm

11104
1.0x10%

§ 208 374 170 25

B'E

Figure 1- 2 a, theoretical calculation shows the electric field around (up panel) and
between (lower panel) silver NPs dimmer separated by 2 nm (reproduced with
permission, copyright 2004 the American Institute of Physics);’ b, confocal
Raman mapping of MNPs with different separation distances (reproduced with

permission, copyright 2006 the National Academy of Sciences, US.A).°

Though MNPs have been widely used in SERS experiment soon after its discovery,”
' SERS substrates fabricated from direct aggregation of MNPs suffers from an inherent

reproducibility problem. To solve this issue, self-assembly of MNPs on solid support as



4
SERS substrate has attracted the attention of different groups from all around the
world.""""* However, despite the large body of work done in this area, several issues still
need to be addressed. For instance, the question of how the number of deposited MNPs
“layers™ will affect the sensitivity and the spatial variation of the final substrate has not
been fully explored. The performance of such “multi-layers” structures in
electrochemical environment is another issue that has not been tackled before. Systematic
examination of such structures as substrate for surface enhanced polarization modulation
infrared reflection absorption spectroscopy (PM-IRRAS) has not been reported.
Furthermore, the characterization of multi-layers adsorbates on surfaces by SERS

1416 even though the multi-layers adsorbate structure is very

17-18

technique is not common,
important in many fields, such as in biofuel cell and biosensor development.

Finally, fiber optics based SERS remote sensors have been widely reported but
several issues related to reproducibility and detection limit were not fully explored.'”?!

In a different application, LSPR can be used for detecting molecular adsorption,
since the adsorption of analytes on the surface of the MNPs will perturb the SPR field
and cause a shift of the absorption maximum.”>** The same principle is widely explored
in planar SPR devices that use very thin (50 nm) gold films. The application of LSPR for
sensing offers a few advantages. For example, the LSPR sensor has normally high spatial
resolution. They have fast response times and can be easily miniaturized and integrated
into a lab-on-chip.”™*

For MNPs based LSPR sensor, the ultimate goal is to develop simple, rapid,
inexpensive yet durable sensors for point-of-care diagnostic. To fulfill this, different

22, 272 29-
% paper,””" have been reported.

supporting substrates for MNPs, such as glass,
Surprisingly, a more interesting substrate, polyethylene terephthalate (PET), or plastics in

general, have not been used yet as the supporting substrate for LSPR sensors.
1.1.2 The general objective

The general objective in this thesis is then to fabricate MNPs assemblies on different
solid supports, and explore their applications in surface enhanced vibrational
spectroscopy and LSPR sensing. The effect of assembly numbers (number of MNPs

“layers™) on the sensitivity (enhancement) and reproducibility (spatial variation, sample-
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to-sample variation) is the focus. The electrochemical stability and the sensing

application for multi-layer adsorbates will also be examined.
1.2 Organization of the Thesis

This thesis is divided into 4 parts: 1) the introduction; II) surface enhanced
vibrational spectroscopy using MNPs assembly on solid support; I1I) sensing applications
of MNPs; followed by 1V) a summary chapter.

Other than the introduction and summary, each chapter is a paper that has been
published or is under consideration. Supporting information for each respective paper
(chapter) were also included.

Part I (chapter 1) is intended to provide some general theoretical background of the
topics involved in this work, such as the physics of LSPR, SERS and surface-enhanced
infrared absorption (SEIRA) spectroscopy. It also contains a literature overview of the
current research status involving MNPs.

Part I comprises of two chapters (chapters 2 and 3).

Chapter 2 deals with the self-assembly of Au NPs on gold slides and its application
as substrate for (in situ) vibrational spectroscopy. This chapter follows-up on previous
work from our research group on the investigation of the self-assembly of Au NPs on
glass.’ ! Our results showed that ~2 orders of magnitude increase in the SERS signal was
achieved after 9 depositions when compared to one deposition, with a electrochemical
stable window from -800 mV to +200 mV (versus Ag/AgCl). For SEIRA, only one
deposition of Au NPs was sufficient to yield good IR signal.

Chapter 3 focuses on self-assembly of Ag NPs on glass surface as ultrasensitive
SERS substrate. Our results showed that by increasing the deposition numbers, not only
the enhancement efficiency, but also the sample-to-sample reproducibility between
substrates were also improved. The substrates were capable of providing near single
molecule sensitivity, with a spatial variation of less than 20%, after 7 Ag NPs depositions.

Part 111 is concerned with the sensing applications of MNPs-based materials, and it
is divided into 3 chapters (chapters 4-6).

In chapter 4, the fabrication of a sample biofuel cell anode was successfully

characterized using the substrate described in chapter 2. The sample biofuel cell consisted
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of three “layers™: the linker 4-hydroxythiophenol (HTP), which worked as anchor for

immobilizing the coenzyme analog Cibacron Blue (CB), and the latter was used to
immobilize enzyme FalDH though affinity interaction. /n situ and ex situ SERS and PM-
IRRAS techniques were used to monitor each step.

In chapter 5, Ag NPs were self-assembled on optical fibers and were used as a
prototype of remote sensor. The sensitivity and the adaptability of the remote sensor was
shown by detecting of analytes with different charges and structures. It was found that the
sensitivity of the device for remote sensing Rhodamine 6G (R6G) in water is one of the
best ever reported.

Chapter 6 is about a LSPR sensor based on self-assembly of Ag NPs on plastics. The
plastic PET was first modified with amine functionality to facilitate the adsorption of Ag
NPs. The sensor showed moderate sensitivity to bulk refractive indices changes. The
analytical performance of the sensor for biosensing was examined. A linear response for
detecting streptavidin was found in the range between 9.5 nM to 189.4 nM, with a limit
of detection (LOD) estimated to be 3.5 nM. The capability of using this sensor to monitor
protein-protein interaction was also shown.

Part IV (chapter 7) is the summary of the findings in this thesis. The main results
from part II and 111 are revised, discussed, and placed in a proper context. Meanwhile,

future directions for this work are suggested.
1.3 General Background

Each result chapter (parts Il and I1I) has its own short introduction. However, some
general information, useful for readers from different backgrounds, is presented here.
This information will include some basic physics of LSPR, SERS and SEIRA.
Meanwhile, the application of the MNPs in surface enhanced spectroscopy and LSPR is

also briefly reviewed.
1.3.1 The physics of surface plasmons

The collective fluctuation of surface free electrons at the interface between
conductors and dielectrics is called surface plasmons (SPs) or surface plasmon resonance

(SPR).*** The word ‘plasmon’ was coined by David Pines in 1950s, who theoretically
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described the energy loss caused by the collective oscillation of free electrons in the
metal, and borrowed the concept from the plasma physics. The free electrons in metal can
be treated as an electron liquid of high density, and the collective electron fluctuation can
be considered as plasma oscillation.”> A generic term for this is “surface plasmon
polaritons”,“ since it involves the interaction between surface charge and
electromagnetic field (light).

There are two different forms of SPs: propagating SPR and localized SPR. The
former refers to the freely propagating electron density waves along the metal surfaces,
and the latter describes the localized free charge oscillations on MNPs.

There are two important facts about propagating SPR. Firstly, by solving Maxwell’s

equation, the relationship between the free space wave vector, ko, and the SP wave

vector, kgp , can be described as following::‘4

ks = ko [;“j;';n (1.1)

Where &, and g4 are the frequency dependent permittivity of the metal and

dielectric material, respectively.

Equation 1.1 clearly shows that there is momentum mismatch between the free space
light and the SPs at the same frequency. This mismatch can be corrected by, for example,
introducing a prism.

Another important fact about SPs is that, although the SPs propagate along the
surface of the metal, the electromagnetic field perpendicular to this surface decays
exponentially with the distance from the surface. Typically, the decay length is half the
wavelength of the excitation light.**

Since early 1990s, the application of SPs in bio-sensing has attracted tremendous
attention. The binding of molecules to the metal (gold) surface changes the surface
dielectric constant, and it can be monitored in real time with very high sensitivity (eqn.
1.1). Most importantly, this is a “label-free” technique; i.e., the detection scheme does not

require any chemical modification of the analyte.



Figure 1- 3 The Lycurgus Cup in reflected (a) and transmitted (b) mode (courtesy of
Celly M. S. Izumi, Brazil).

In contrast to propagating SPR. the phenomenon of LSPR from MNPs has been
observed since a very long time; much before it was fully understood.

Fig. 1-3 shows an example of the application of the LSPR effect of MNPs in early
civilizations. It is the famous Lycurgus Cup made in ancient Roman time, somewhere in
the fourth century A.D. The most remarkable property of this cup is that it presents the
color of jade under direct light (Figure 1-3 a). However, the color of the cup changes
dramatically into a ruby color once light is shining through the cup (Figure 1-3 b).

This behavior puzzled people for centuries. In 1959, researchers at General Electric
Company Ltd found trace amounts of gold, silver and other elements in the glass.
Although they believed that these trace elements were responsible for the so called

“dichroic effect”, they still didn’t fully understand the mechanism.”” The idea that the
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presence of Au:Ag alloy NPs, of 50~100 nm diameter, is responsible for the dichroic

effect become well accepted in the late 1980s. These alloy NPs present LSPR frequencies
around 400~520 nm. Hence, when the Lycurgus cup is under direct illumination, it will
scatter more in that frequency range, leading to the jade color appearance. Once the
illumination is through the cup, light at the same frequency range will be
scattered/absorbed, and the ruby color will appear due to the complementary color effect.

The mechanism for excitation of LSPR, or particles plasmons/Mie plasmons,'’ is
quite different from that of propagating SPR.

For an isolated MNP under resonance conditions, when the size of the NPs is in the
range of the penetration depth of light (e.g., ~20 nm for silver in the visible range), the
free electrons in the whole MNP will oscillate together with the applied electromagnetic
field. In other words, the MNP can be basically treated as a “molecule”. In response to
applied field, for the simplest case, the free electrons will be shifted to one side, while the
opposite side will be positively charged (Fig. 1-1). Thus, the MNP response looks like a
dipole oscillating in response to applied field. In reality, this oscillator will rely on both
the electron density and the geometry of the MNP. > As a result, the amplitude of the
induced electromagnetic field (LSP field) around the surface of the MNPs can be 1 or 2
orders > of magnitude higher than the field in the absence of the MNP. Note that this is
the simplest approximation for the excitation of LSPR. The MNPs can have more than
one single oscillation mode (i.e. higher order oscillation modes), which means that the
charge and field distribution can be quite different from Fig. 1-1.

The Mie solution is a widely accepted classical description of the excitation of LSPR

on MNPs. When only the dipole oscillation contributes significantly to the extinction

cross-section, the Mie solution can be reduced to the following equation: LT
= 9V£3/ A ! wey(w)
Oext (@) = = v zeqPrer()? (2

where g, (w) is the extinction cross-section, V' is the volume of the MNP, w is the
angular frequency of the exciting light, c is the speed of light in vacuum, &4 and &, (w) =
&, (w) + ig;(w) are the dielectric function of surrounding medium and the metal,
respectively. It is clear that when & (w) = —2&4, and &, is small or weakly dependent on

, the surface plasmon resonance absorption band appears.
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Equation 1.2 indicates no size dependent effects for the LSPR frequency and

bandwidth in MNPs. This is, indeed, in contradiction with the experimental results. As
shown in Fig. 1-4, both parameters, resonance position and bandwidth, change with size.
Even for MNPs smaller than 20 nm, there are still size-dependent effects. For MNPs in
the size range between 2 and 20 nm, a 1/r dependency is observed for the LSPR
bandwidth. Equation 1.2 fails to describe the size dependent effect due to the assumption
that the optical properties of the MNPs are the same as they are in bulk forms.***” Hence,
a more complicated form of the dielectric function of the MNPs, which is both frequency
and particle size dependant (£(w,7)), is introduced to better match the experimental

results.*®

absorbance
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Figure 1- 4 Size effect in surface plasmon absorption in gold spherical NPs

(reproduced with permission, copyright 2000 the Taylor & F rancis).”®

For larger MNPs, where the size is comparable to the wavelength of light, the MNPs
can no longer be homogenously polarized. Higher order oscillation modes become more

important in this regime. These higher order modes locate at lower energy position."’
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Therefore, the surface plasmon absorption red shifts compared to the small particle

situation.

The Mie solution can also been extended for cylindrical or oblate MNPs' by

introducing depolarization factors.

Figure 1- 5 E-field enhancement contours (left) and line analysis (right) external to a
gold nanoshell (18 nm in radii and 3 nm in thickness) (reproduced with permission,

copyright 2004 the American Chemical Society)."”

1.3.2 LSPR sensing basics

Equation 1.2 indicates that, for a given size, shape, and material of the MNPs, the
extinction coefficient is dependent on the dielectric constant of the surrounding medium.
This is the basis for sensing of adsorbates using MNPs. It should also be noted that LSPR
is a near field effect. ** * As shown in Fig. 1-5, the field decays exponentially away
from the interface. Depending on the materials and the size, the decay length in the case
of LSPR is normally in the order of one or a few 10s nm.*” This is much smaller
compared with the planar SPR, which makes the apparent sensitivity of LSPR analysis

lower than that of planar SPR, but also provides better special resolution.
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However, equation 1.2 uses dielectric function of the surrounding material to predict

the changes of the resonance frequency, which is not convenient in sensing. Hence, the
refractive index (RI), a property closely related with the dielectric constant &'’ is most
used in the calculations for (L)SPR sensing.
For bulk RI changes and in a narrow range of wavelength, the equation

AL = m(Mfinat — Minitiat) holds," where m is a sensitivity factor and 7 is the RI (Fig. 1-
6). Generally, the sensitivities of LSPR sensing based on MNPs range from ~100 to
~1000 nm per RI unit.*** Recently, a report indicates that the bulk sensitivity for LSPR
sensors based on Au nanorod arrays can be even as high as 32000 nm per RI unit

changf:.44

133 134 135 136 137 138

Figure 1- 6 Response of self-assembled Ag NPs to bulk RI changes (glucose solution).
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For LSPR sensing, the shift in absorption maximum position depends on the
interaction of the analyte of interest and the bulk with the decaying SP field. Therefore,
the refractive index must be properly weighted, according to: 2> 4!
AA = mAn[1 —exp (—2d/14)] (1.3),
where An is the RI difference between a thin uniform film of adsorbates on the sensor
surface and the solution above the adsorbates, d is the effective thickness of the

adsorbates layer, and [, is the characteristic decay length of the local field.
1.3.3 Surface-enhanced vibrational spectroscopy

Vibrational spectroscopy, specifically infrared absorption spectroscopy and Raman
spectroscopy, is among the most important analytical methods. This is because they can
provide a “fingerprint” of the target molecule.*” However, normal Raman scattering
suffers from a problem of low sensitivity.

Surface enhanced vibrational spectroscopy (SEVS), which “deals with the enhanced
spectra of molecules on specially fabricated nanostructures with the ability to support
surface plasmons and to enhance optical signals™,'’ has triggered tremendous interests in
scientific community since the discovery of SERS (1970s***) and SEIRA ( 1980s*%).

SERS as an analytical method, is well known for its high sensitivity and speciﬁcity.45
Today, SERS not only serves as one of the most powerful tools for exploring material
properties at single molecule level, but also plays very important role in several basic
research applications. SERS-based methods can, for instance, monitor the chemical
reactions inside a single cell,”’ or probe different cancer markers.”'

The signal enhancement in SEIRA is believed to be in the range from 1 to 3 orders

9. 5254 although only 10 to 100 fold - enhancement is commonly

of magnitude,
observed.”> The advantage of SEIRA is that it does not have as strict requirement as
SERS in terms of substrate material (i.e., mainly Au, Ag, and copper for SERS). Recently,
SEIRA on metal Ni mesh substrate has also been reported and used to monitor the
catalytic reduction of methanol.>® This opens the possibility of standardized SEIRA
analysis in industrial settings, since the enhancement is large (>100) and Ni meshes are
commercially available.

In the next section, some of the basic theories for both SERS and SEIRA will be
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discussed.

1.3.3.1 Surface enhanced Raman scattering

Raman spectroscopy
a. Stokes’ Raman b. Rayleigh c. Anti-Stokes’
Scattering Scattering Raman Scattering

virtsal e ‘i
State » : 4 3

V2

Vi L 3

Vo v

Figure 1- 7 Schematic energy diagram describing the light scattering process.

When photon hits a molecule and is not absorbed (i.e., does not promote an
electronic transition), it will be immediate re-emitted (scattered). Generally, only 1 in
1000 incident photons will be scattered by molecules in the visible range.”® Eventually (1
in 1000 scattered photons), there is an energy exchange between the molecule and the
photon in a process called Raman scattering. Raman scattering was first experimentally
observed in 1928 by C. V. Raman.* The initial experiments were realized using sun light

as the excitation source and some color filters. Raman observed what he called “a new
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type of secondary radiation” that later led to a publication in Nature and a Nobel Prize in

physics in 1930.
As shown in Fig. 1-7a, when a photon from a laser beam with energy hv, hits a

molecule in its ground vibrational state, the molecule can be excited to a virtual state (this
state depends on the energy of the laser). When the photon is re-emitted, some energy is
transferred to the molecule leaving it in an excited vibrational state. The Raman
scattering frequency is the difference between the incident and scattered frequencies. That
is:

=v, — Vg (1.4),

VRmm:n

where v, is the frequency of the incident laser and v is the frequency of the scattered

light. In the special case shown in 1-7a, the emitted radiation is called “Stokes Raman
scattering” and the energy of the scattered photon is smaller than that of the incident

photon. Usually Raman scattering frequency (Raman Shift) is presented in wave numbers

(cm™) If the incident laser wavelength is 4, nm and the scattered light is A;nm, then

equation 1.4 can be written as:

v 10/ _10
V Raman = AL AS ( 1 5)

Another situation, illustrated in Fig. 1-7 ¢ occurs when the molecule is excited
initially from its first excited vibrational state. The re-emitted photon will leave with
more than the incident energy as the molecule returns to its ground state. This process is
called “anti-Stokes Raman scattering”. In this case, the emitted photon gained energy
from the molecule, Equation 1.5 still holds, but the Raman shift will be mathematically
negative. However, the anti-Stokes Raman scattering is much weaker than its counterpart.
This is due to the Boltzmann distribution of the molecular population on different energy
levels.”* The population of molecules on their excited vibrational states is smaller than
that on ground state at room temperature. Hence, the probability of Raman scattering
from these excited molecules should be much smaller.

Classically, Raman scattering can be explained in terms of the induced dipole
10, 56-57

moment, p:

p=aE (1.6),
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where « is the polarizability tensor describes the response function of the molecular

electronic cloud to an external field, and E is the incident field vector of the excitation
radiation (note: for simplicity, the proper representations for vectors and tensors are
omitted).

The polarizability tensor can be written as a series expansion about the equilibrium

geometry (for diatomic molecule):

da 1 (0%

a=ao+(a-)oq+;(a—qz 0q2+--- (1.7).

In equation 1.7, @ is the equilibrium value, and subscript 0 simply means the
equilibrium value. ¢ is the displacement of position from equilibrium, and can be
described using the following equation:

q = qocos (wot) (1.8)
where go is the equilibrium position, and w, is the (vibrational) frequency of the
oscillation.

Combining equation 1.6 and 1.7 (with ¢ limited at its first order), and replacing E for

given laser frequency w, by:

E = Eycos (w,t) (1.9),
we have:
p = @gE, cos(w,t) + (3—:) qoEgcos (w;t)cos (wyt) (1.10).
0

Since cos(x) cos(y) = %[cos(x + y) + cos (x — y)], equation 1.10 can be written

as:

1 /0a 1 /0a
p = apEq cos(wt) + —(—) qoE cos[(wy + wp)t] + —(—) qoEqcos[(w, — wg)t]
2\dq/, 2\aq/,

(1.11)

The first term in the right side of equation 1.11, accounts for the Rayleigh scattering,
where there is no energy exchange between the molecule and the incident photon (Fig. 1-
7 b); the second term is the anti-Stokes Raman scattering (Fig. 1-7 ¢); and the third term
is the Stokes Raman scattering (Fig. 1-7 a). One more piece of very important

information that can be extracted from equation 1.11 is the selection rule in Raman
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scattering: there has to be a change in the polarizability with the vibration for a specific

. . (9
normal mode to be Raman active. That is, (a—:-) # 0.
0

a. Normal b. Resonance
Raman Raman
Sy
L el Laser }| | Scattering
Laser || |Scattering
So ;

Figure 1- 8 Schematic diagram of normal Raman scattering and resonance Raman

scattering (RRS).

Resonant Raman Scattering

Normal Raman scattering is not very efficient (only 1 in 10° incident photons scatter
as Raman). One way to improve the performance of the Normal Raman is to carefully
choose laser frequencies that match real electronic states of the molecule of interest (Fig.

1-8 b). This is called resonance Raman scattering (RRS) and it is a process that greatly
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increases the probability of Raman scattering. It is estimated that up to 10° times

enhancement can be achieved compared with normal Raman scattering.'”**

Surface enhanced Raman scattering (SERS)

The SERS phenomenon was discovered in 1970s, when an abnormal intense Raman
scattering was observed for pyridine adsorbed on electrochemically roughened silver
electrode.**** Up to 10" times of enhancement relative to the normal Raman response
has been reported for species at “hot spots” of the SERS substrate,” though normally an
average of 10° is observed. Single molecule SERS detection has been widely reported,””
62 even for molecules adsorbed on electrochemically roughened electrode.”

There are two classes of mechanisms that describe the origin of SERS.*** The first
accounts for most of the observed features in SERS and is called the electromagnetic
(EM) mechanism.®® The second one is the charge transfer (CT) mechanism.®’

The main aspects of the EM mechanism involve the excitation of LSPR. The general
features of the theory can be obtained by considering a single spherical MNP,%
experiencing an electromagnetic field Ey from the incident laser. Due to the excitation of
LSPR, the magnitude of the average field radiated by the MNP, E, will be: E; = gE|,
where g is the field enhancement factor. Therefore, the Raman field strength (Ey) for a
molecule adsorbed on the surface of the MNP will be: Eg « agxE; « apgE,, where ag is
the Raman tensor. However, this is not the ultimate scattered field yet. The MNP can also
scatter light at the Raman-shifted frequency enhanced by a factor, g'. Hence, for SERS,
the amplitude of the scattered field can be expressed as: Egggs ¢ @rg9 ‘Ep- Since the
intensity is just the square of the amplitude of the field, the SERS intensity now can be
described as:

Isgrs < |agl?19g 1*1o (1.12),
where ; is the intensity of the incident light.
For low vibrational frequencies (small Raman shift), the energy of the scattered

photon is very close to the wavelength of the incident light, such that g = g'. Therefore,

equation 1.12 can be re-written as:

Isgrs  lagl?*|g]*lo (1.13).
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The SERS intensity would be proportional to the fourth power of the enhanced local

field in this case.

Figure 1-9 “Interacting” MNPs pair under different light polarization. The sign near the
MNPs are the charges (reproduced with permission, copyright 2005 John Wiley and

9
Sons).

For interacting MNPs (i.e., MNPs that are close enough to each other to couple
through their dipoles), extremely large local field strength may be found in the gap
between them (Fig. 1-2, 1-9)."'" %% As shown in Fig. 1-9, lower panel, if the light is
polarized along the axis formed by connecting the centers of the two MNPs,
electromagnetic coupling between the two induced dipoles occurs within a certain

distance range. As a result, molecules located within these junctions will experience a
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much higher field, and hence contributes most to the observed SERS signal. This effect

has been both theoretically (Fig. 1-2 a) and experimentally (Fig. 1-2 b) justified in the
literature. These junctions are examples of SERS hot spots and are the basis for single
molecule SERS measurements.'” ***% It is also interesting to note that, due to this type of
coupling, the peak position of the LSPR shifts to longer wavelength. This shift can be
rationalized by using a molecular orbital analogy. In molecular orbital theory, the
coupling of two molecular orbitals will produce a bonding and an anti-bonding molecular
orbitals, with the former locates at lower energy level. The same principle can be applied
in LSPR coupling. The red-shifted extinction spectrum of MNPs aggregates is the result
of forming “bonding” LSPR states.'*’

On the other hand, if the polarization direction of the field is perpendicular to the
axis, as the case shown in Fig. 1-9 upper panel, the coupling effect will be absent. Hence,
fractal structures that do not have polarization preference will be superior for SERS. This,
indeed, justifies the tremendous effort of building different aggregated MNPs as highly
sensitive SERS substrates, including the work in this thesis.

It is also very important to point out that the EM enhancement is strongly dependent
on the distance between the target molecule and the metal surface. This is due to the
nature of the LSPR as pointed out in section 1.3.1. One should also keep in mind that the
decay for LSPR field is not linear.*

LSPR plays main role in most of the observed SERS phenomena, but some
experiments indicate that other mechanisms may also apply.®® " One important
contribution comes from “CT mechanism”. When molecules adsorbed onto metal
surfaces with atomic level roughness, they interact with adatoms to form complexes. Due
to the complex formation, the energy gap between the metal’s Fermi level and the
molecular frontier orbitals may match the energy of the incident laser photon producing a
resonance-Raman-scattering-like process. The enhancement from CT processes may not
be as strong as that from LSPR field. However, since the Fermi level of metal can be
adjusted by applying an external potential, it provides an extra controllable parameter in
electrochemical SERS experiments (Fig. 1-10). It is worth mentioning that CT effects are
strictly limited to the “first layer”, i.e., only the molecules that are in direct contact to the

surface (MNPs, electrodes) will benefit from this effect. '* %7
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Figure 1- 10 CT mechanism on an electrode (reproduced with permission, copyright 1997
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the Elsevier).”

1.3.3.2 Surface enhanced infrared absorption
Infrared absorption spectroscopy

A molecule in a vibrational energy level E, can be excited to a higher vibrational
energy level (with energy En) when illuminated by a photon with energy hv that
matches the difference in energy between Ey, and E: £

hv=E, —E, (1.14)

|m—n|=l (1.15)
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Equation (1.15) defines a selection rule for a harmonic oscillator. Not all vibrational

modes are IR active, but only the ones with vibrations that are accompanied by a change
in the electric dipole moment of the molecule.

In classical mechanics, the vibrations of polyatomic molecules can be decomposed
into normal vibrations, where all atoms are moving at the same frequency and passing
through their equilibrium positions simultaneously. The frequency of the vibration of a

diatomic molecule can be expressed as:

L e (1.16),

S N

where k is the force constant, and M is the reduced mass of the two atoms, A and B, and

can be expressed as:
My

m
M=—-
m, +mg

117
Where ma and mg are the atomic masses in Kg.
Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) "

When the infrared beam is linear polarized and strikes a metallic surface at grazing
incidence, as shown in Fig. 1-11, the electric field vanishes for s-polarized light. This is
due to the destructive interference of the incident and reflected radiation at the surface. In
the case of p-polarized light, constructive interference will occur at the surface and the
electric field will be actually enhanced. Considering a molecule adsorbed on a Au surface
with a transition dipole moment perpendicular to the surface, it will only interact with p-
polarized infrared light which will be selectively absorbed. However, molecules that are
not adsorbed on the Au surface will have no discrimination against the two orthogonal
polarized beams (s- and p-polarized). As a result, the difference between the two beams
will only contain the information of the species adsorbed on the Au surface. This is the
working principle of the PM-IRRAS on metal surfaces.

The signal in PM-IRRAS can be expressed by the following equation:”’

A_R —= IRS‘Rp|

R~ (Rs+Rp)/2 (1:45)
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Figure 1- 11 Schematic representation of linear polarized light reflected on Au surface. p-

and s- are for light polarized parallel and perpendicular to the plane of incidence.

Surface enhanced infrared absorption (SEIRA) spectroscopy

SEIRA was first observed in 1980 by Hartstein et al.”" The origin of SEIRA is
generally considered to be similar to SERS, where electromagnetic fields (SPs and
phonons) play major roles.'” * However, one should keep in mind that the resonance-
Raman- like enhancement due to CT mechanism in SERS does not exist in SEIRA."

According to the electric dipole approximation, the SEIR absorption can be written as:"
a
A o |5 Eigel? (1.19),

where u is the dipole moment of the molecule, ¢ is the normal coordinates, and Ej, is the
enhanced local field.

SEIRA enhancements of 3 orders of magnitude is possible for phonon-based
processes. The average absorption cross section is 9 orders of magnitude higher than that
of Raman scattering, and the materials that can support enhanced IR signal are not only

limited to precious metals. These advantages makes SEIRA quite attractive in



24
comparison with SERS.*? Metallic islands, as well as metallic NPs, dielectric NPs such as

SiC and Al,Os, and even Nickel meshes,s" have been used to support SEIRA. %4952
1.3.4 MNPs for SERS and chemical sensing: a brief review

1.3.4.1 SERS substrate development: an overview

Electrochemically roughened Ag electrode was the very first SERS substrate
discovered in 1974.* Today, SERS substrates made through electrochemical oxidation
and reduction cycle (ORC) are still widely used when electrochemistry is involved.” The
“activation” procedures for the popular electrodes were suggested by Brolo® and Tian.”
However, this technique does not allow much control over the size and shape of the
nanofeatures, leading to low reproducibility and high spatial variation.

The most popular SERS substrates are MNPs in suspension in a liquid and MNPs
supported on a planar substrate (including vacuum evaporated metal island materials).*
> MNPs have been widely used in SERS experiment since 1977.%1%7 The advantages of
using MNPs are that they are easy to make through regular wet chemistry and their size
and shape are controllable. The LSPR can be tuned to match different laser excitations.
Meanwhile, aggregation of MNPs by simply adding salts into the suspension leads to the
formation of SERS hot spots. However, the problem with MNPs suspended in liquid
phase is lack of reproducibility in terms of SERS enhancement.”’ Self-assembly of MNPs
on glass for SERS was first reported by Freeman et al,"” in an attempt to solve the
reproducibility issue. The immobilization on a solid support seems to improve sample-to-
sample reproducibility, and the SERS hot spot density is more easily controlled through
the MNPs’ size and inter-particle distance.”

It is interesting to note that, besides the size and shape effect, alloy and core-shell
MNPs”>#! can also be used to tune the SERS performance. Some reports showed that
NPs made of both gold and silver metals can provide higher SERS activity 2" % than
pure gold or silver NPs.

More recently, modern nanofabrication methods allow tailoring of the nanostructures
for maximum enhancement, and the fabrication of reproducible nanofeatures even in a
large area.”®” For example, periodic arrays of sub-wavelength apertures (nanoholes) ***'

and inverted pyramids structures® have been shown to be successful SERS substrates.
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In the following sections, some examples of the applications of MNPs in SERS will

be discussed.
1.3.4.2 MNPs as SERS substrate

The use of MNPs in SERS only started from late 1970s,” but they remains as one of
the most popular type of SERS substrates due to the great freedom they offer for tuning
the LSPR.** Currently, the active research interest in this area aims at improving both
their sensitivity and the reproducibility. The former involves the synthesis of MNPs with
different structures, shapes, and materials; the latter is realized by controlling the size and
shape distributions, and by their self-assembly on solid suppor’t.45

The most common MNPs used as SERS substrates are spherical gold and silver.” A
comparison of NPs made by these two different metals are discussed in the literature.*” In
general, Au NPs are more stable at different conditions and their chemical modifications
are well-understood. On the other hand, due to their dielectric property, Ag NPs are
believed to be able to provide better electromagnetic enhancement in the visible range.

There are several preparation methods for Au NPs presented by different authors.”™
9293 Among all the methods developed, the most widely used is the citrate reduction of
gold salts. A modified citrate-based method proposed by Grabar et al”™ provides very
reproducible 13 nm spherical NPs. Ag NPs can also be synthesized by reducing silver
salts with citrate. The most commonly used is ~ 60 nm in size, and they were first
reported by Lee et al.® 45 9. % [t is worth noting that Ag NPs fabricated by citrate
reduction are not very stable.”

Preparation methods of MNPs with different sizes and shapes for better SERS
performance have been reviewed in the literature.”**® Other optimization atempts’’
involve controlling the surface charge of the MNPs to allow specific analytes to reach
closer to the surface, yielding better SERS signal.

The tuning of the SPs resonance can also be accomplished by varying the
composition in core-shell structures.*> ® The core can be either a metal or a dielectric
material. It is possible to prepare MNPs with SPR that matches a specific laser frequency
using this approach. This is especially important when working with biological samples,
where longer wavelength excitation is preferred to avoid background fluorescence.”® The

first examples of MNPs core-shell structures were reported back in 1989.”* Core-shell
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structures with defects on the shell can provide an one-order-of-magnitude increase in
SERS efficiency when compared to those without deffects.'” 7" ¥ However, the exact
reason for this phenomenon is still being debated.”” "

It is a consensus in the SERS community that SERS hot spots are present in
aggregated MNPs.'% ¥ % Although it is possible to simply add salts into the MNPs
solution to introduce aggregation,”' this approach leads to poor reproducibility.*** There
are considerable efforts in the literature towards finding controlled ways of producing
MNPs aggregates.*” ®* In order to limit the coverage in this introduction, only those
approaches that involve the immobilization of MNPs from a suspension will be
discussed. Interested readers are encouraged to check the reviews by Vo-Dinh® and
Baker® for other approaches.

Inspired by the self-assembly of organized organic film on metal surfaces, Freeman'’
used silane chemistry to functionalize a glass surface with amino groups, which were
used as linkers for the immobilization of MNPs. The concept behind these “2-D SERS
substrates”, as referred by Freeman, was followed by several groups.”' 1% The general
approach for substrate fabrication involves an initial surface modification of the solid
support, either though thiol (for metal) or silane/polymer (for glass),'”" followed by the
adsorption of MNPs. It is found that the SERS enhancement factors of the substrates
fabricated through this procedure are indeed a function of both the size and population
(i.e., particle-to-particle distance) of the deposited MNPs.”* 1%

Another approach to build 2-D SERS structure is based on capillary forces and van
der Waals attraction.®® """ The self-assembly occurs at the liquid/air or liquid/solid
interface '”* and the distance between MNPs can be tuned from 0.4 nm'® to 10 nm.'™ It
was found that the inter-particle distance tuned the SERS signal enhancement,'”” which is
in agreement with other theoretical® and experimental® works. Modification of the MNPs
with surfactants was found to be useful to tune the inter-particle distance, and hence yield
a better SERS and SEIRA performance.' """

The third approach, to build a particular interesting SERS substrate, is to embed
MNPs in a temperature-controllable polymer.'” Temperature changes affect the packing
of the polymeric chain, tuning the inter-particle distance and the SERS intensity. This is

an interesting example of a “smart” SERS substrate.
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There are also efforts to build “3-D structures” for SERS applications.”‘ 31, 100,102

These “3-D structures” provide larger surface area for analyte adsorption as well as
higher density of hot spots.'” They also offer the capability of tuning structures
according to the laser frequency.3 " The 3-D SERS substrate can be further divided into
two groups: template assisted/supported 3-D SERS substrate,'” and 3-D MNPs substrate
fabricated through layer-by-layer assembly.'" 3199 1n the first group, the template can be
self-assembled polystyrene beads, synthetic nanoporous semiconductors, and photonic
crystal fibers.'”> While in the latter case, the MNPs-“linker”-MNPs multilayer structures
can be achieved though polymers'' or dithiols.?" It is worth noting that, as pointed out by
Addison and Brolo,3 ! there is an optimum number of “layers”™ of MNPs that matches a

specific laser frequency.
1.3.4.3 MNPs as LSPR sensing material

80 nm Ag NPs can have scattering cross-section one million times larger than the
fluorescence cross-section of fluorescein, because of the excitation of LSPR.”
Meanwhile, MNPs do not suffer from the photo-quenching problem. These are important
advantages that encourage the application of LSPR with MNPs in immunoassay and
biochemical sensing.n 2 The MNPs structures used in those applications include metal-
evaporated structures (nanosphere lithography method,'"” colloidal lithography, and soft
Iithography),z"‘ 4. 111 electrochemical grown nanorods,” and MNPs suspended in
liquids.m' 112 There are also examples of top-down lithography nano-structures used as
LSPR sensors, "> ''® but they are beyond the scope of this introduction.

In this section, only those LSPR sensors fabricated from suspensions of MNPs will
be discussed. Examples of other approaches to prepare LSPR sensors are discussed in

27,42,93, 114-115

reviews published recently.

MNPs suspensions were firstly employed for detecting DNA hybridization''* Lo
and in immunoassays.” ' The detection schemes in those cases were based on LSPR
coupling (through small range inter-particle interaction), and on RI induced LSPR
frequency shift, respectively. The latter is the same principle used in planar SPR analysis.
However, LSPR analysis from MNPs suspensions also suffers from stability issues.
Furthermore, the approach is not suitable for high throughput analysis,” as is the case for

MNPs immobilized on a solid support. 25,45, 3% 44119
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There are two different approaches to solve the issues encountered in the direct

application of the colloidal suspension for LSPR sensing. The first approach is to use a
controlled aggregation.42 In this case, the MNPs are firstly modified with enzymes,
aptamers, or even some crown ligands. As a result, the MNPs (most cases, gold) will
form a grey to purple aggregates (in case of gold). In the presence of the analyte of
interest, the Au NPs will dissociate and turn back to the original bright red color.

In the other approach shown in Fig. 1-12, the MNPs are immobilized on a solid
support, usually glass. Later, the surface of the MNPs is modified with specific
recognizing element to detect the desired analyte(s). The binding events can be monitored
by regular UV-Vis spectrometer through changes either in the wavelength on in the
absorbance.” The sensitivity of immobilized MNPs based LSPR sensor to bulk RI
changes ranges from ~100 to 1000 nm/RIU, depending on the material, size and shape of
the MNPs.*> '!*

A significant advantage of MNPs- based LSPR sensors is that the sensing can be
done at the single MNP level. This is particular important for biosensing, where the
samples are expensive and in limited amounts.”” This also allows the incorporation of
MNPs-based LSPR sensor into a microfluidic system, and is also suitable for
multiplexing detection.”’

However, there are still limitations for this type of sensor.” '"* MNPs-based LSPR
sensors are lack of sensitivity to bulk Rl changes when compared with traditional
propagating SPR. Kabashin et al reported a nanorod array with LSPR sensitivity of
32,000 nm/RIU,* but this is an atypical example. Secondly, the MNPs fabrication
methods have to be improved to achieve better size and shape reproducibility. Thirdly,
similar to its counterpart planar SPR, LSPR sensors are not specific and the surface must
be properly modified to target a particular molecule. Finally, more supporting solid
substrates should be explored, other than glass, to offer different material alternatives in

the implementation of LSPR sensors for point-of-care diagnostics. "
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Figure 1- 12 Schematic illustration of the working principle of LSPR sensor. There are

two detecting schemes, one as spectrum shift and another one as absorbance change, as

shown in the left.
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Chapter 2: Self-assembled Au Nanoparticles as Substrates for Surface-
enhanced Vibrational Spectroscopy: Optimization and Electrochemical

Stability

This chapter is published in the journal ChemPhysChem (2008, 9 (1 3), 1899-1907).
2008, Copyright Wiley-VCH. Reproduced with permission.

3-D nanostructured metallic substrates for enhanced vibrational spectroscopy were
fabricated by self-assembly. Nanostructures consisting of 1 to 21 depositions of 13 nm-
diameter Au nanoparticles (NPs) on Au films were prepared and characterized by AFM
and UV-Vis reflection-absorption spectroscopy. Surface-enhanced polarization
modulation infrared reflection-absorption spectroscopy (PM-IRRAS) was observed from
Au NPs modified by the probe molecule 4-hydroxythiophenol (4-HTP). The limitation of
this kind of substrate for surface-enhanced PM-IRRAS is discussed. Surface-enhanced
Raman scattering (SERS) from the same probe molecule, 4-HTP, was also observed and
the effect of the number of Au NPs depositions on the SERS efficiency was studied. The
SERS signal from the probe molecule maximized after eleven Au NPs deposition and the
absolute SERS intensities from different batches were reproducible within 20%. In situ
electrochemical SERS measurements showed that these substrates were stable within the

potential window between —800mV to +200mV (vs. Ag/AgCl/sat. Cl-).



38

2.1 Introduction

The analytical spectroscopic signal from species adsorbed on metallic nanostructures
can be significantly enhanced relative to the signal from the same species in solution.'”
For instance, surface-enhanced Raman scattering (SERS) as high as 10"-10"° times the
normal Raman response have been reported for species located at the “hot spots™ of
nanostructured silver.” SERS and surface-enhanced infra-red absorption (SEIRA)
spectroscopy are vibrational spectroscopy tools and the uniqueness of the vibrational
signature makes it possible to identify target molecules.” The SERS technique is
particularly attractive for label-free trace analysis, such as for the detection of high
explosives, nerve stimulants agents, and environmental pollutants."

It is currently widely accepted that there are mainly two kinds of contributions to the
observed SERS" ** and SEIRS:®” the chemical contribution and the electromagnetic
(EM) contribution. The charge transfer (CT) mechanism originates from resonant
transitions involving the metal’s Fermi level and the adsorbed molecule’s frontier orbitals
(in case of SERS).S' ¥ In electrochemical environment, this contribution can be tuned by
adjusting the applied potential. The CT is thought to be a short range effect, which affects
mainly the species in direct contact to the metal surface (in case of SERS). Localized
surface Plasmon resonance (LSPR) can be directly excited on nanostructured noble metal
surfaces using visible radiation, and these resonances are considered to provide the main
contributions to the EM mechanism.”® LSPR result in strong EM fields localized in
certain regions of the nanostructured surface (for example, sharp tips and troughs
between nanoprotrusions’) which accounts for most of the observed enhancement. The

frequency of the LSPR resonance is tunable by the surface morphology.'*"®

A variety of substrates that support SERS are being explored by various groups.” 419
Typically, an ideal SERS substrate for analytical applications should be robust, easy to
prepare and use, provide a large enhancement of the interference-free Raman signal of
the analyte, and present a high degree of reproducibility.® Substrate development is also a
high-active area in SEIRS research. Among the substrates developed specifically for
SEIRS include vacuum deposited metal islands,” nano-rod arrays,”’ sub-wavelength
holes,”' and nanoparticles.”” **?” Recently, a SEIRA enhancement factor of 2000 was

achieved by “in-situ” tailoring of the size of the metallic nanofeatures.”*
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Metallic nanoparticles (NPs) are probably the most common type of substrate for

SERS and SEIRA. They are easy to prepare (with numerous choices of sizes and shapes,
which means tunable LSPR), and can be simply characterized by UV-Vis spectroscopy.
Metallic NPs aggregate in the presence of salts leading to large enhancement factor.”
However, the morphology of the aggregates and the reproducibility of the enhanced
signal'9 are strongly affected by the experimental conditions, such as temperature, ionic
strength, pH and even the presence of adsorbates.*

Au and Ag NPs can be self-assembled into monolayer or multilayer 3D-structures on
a flat surface.'® ?® This kind of approach for SERS substrate preparation has recently
attracted much attention.'" 2*3* The self-assembled structures are fabricated by alternate
dipping the initially flat surface into solutions containing a bifunctional cross-linker and
the NPs. The resultant morphology can be tuned by the desired number of NPs
depositions, tailoring the substrate performance for SERS. The sizes of the linker
molecules and of the NPs are adjustable, providing more dimensions to tune the
resonances. It also has been shown that it is possible to use this approach to fabricate a
specific substrate that matches the excitation condition (laser wavelength) of the SERS
experiment, leading to optimized enhancement conditions.” However, the self-assembled
nanostructures multilayer approach, describe above, have not yet been explored to
develop substrate for SEIRS.

Metallic NPs-modified electrodes also provide advantages over the traditional “bulk”
electrodes used in electrochemistry. 3537 For example, NPs usually demonstrate extra
catalytic activities, even for those metals normally recognized as inert, such as Au.”’
Furthermore, NPs-modified electrode can provide higher signal-to-noise ratio for
electrochemical currents measurements as a result of their large effective surface area.”
In fact, theoretical calculations reveal that an electrode composed of 10 nm NPs in an
array format can enhance the peak current in two orders of magnitude compared to a bulk
electrode.”

All these advantages have attracted several groups to the development of metallic
NPs- modified electrodes for both electrocatalysis and in sifu SERS." ¥4 These
activities have even expanded towards non-traditional SERS-active metals. For instance,

Gomez et al.'* reported that Pt NPs deposited on a flat conducting electrode surface
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provided a significantly larger SERS enhancement factor than an electrochemically

roughened Pt electrode. Guo et al.** found that 3 nm Fe NPs made by microemulsion also
demonstrated remarkable SERS activity when coated onto a flat silver electrode.
Potential dependent-SERS spectra of pyridine were recorded from the Fe NPs with an
enhancement factor of two to three orders of magnitude.*’ Despite all this activity in the
field, there is no report yet on the application of 3D self-assembly using more common
NPs for surface-enhancement, such as gold, on smooth electrode surfaces for SEIRA and
for in situ electrochemical SERS applications. These structures should provide high

SERS signal enhancement,2°'3°

28,33-34

as well as the good electrical conductivity required for
electrocatalysis.

Previously, we demonstrated that a step-wise deposition of Au NPs on glass
produced a highly sensitive SERS substrate.”” It was found that, at optimum conditions,
the SERS intensity could be at least ten times stronger than that of a monolayer of Au
NPs. More importantly, by changing the number of depositions we were able to tune the
surface morphology to match the laser wavelength, producing an optimized SERS
substrate for a given condition for surface plasmon (SP) excitation. In this work, we
fabricated similar structures on a gold thin film instead. The conditions for optimum
surface-vibrational spectroscopy were evaluated and the performance of the substrate for

in situ electrochemical SERS measurements was probed.
2.2 Results and Discussion

2.2.1 Characterization of the substrates by atomic force microscope (AFM) and UV-

Vis reflection-absorption spectroscopy

Figure 2-1 presents selected AFM images of the substrates prepared with different
numbers of Au NPs deposition. The AFM pictures indicate that both the surface
roughness and the average size of the features increased with the number of depositions.
The size of the features after one Au NPs deposition was around 10 nm (Fig. 2-1a) which
is consistent with the diameter of the NPs used. Fig. 2-1b shows that a large number of

aggregates were formed after nine NPs depositions. In this case, the average height was
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about 50nm, but features as large as 100 nm could be found when a large area of the

substrate (100 pm x 100 um) was imaged (data not shown).
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Figure 2- 1 Topographic and representative line-scan AFM images of the Au NPs
modified substrates (a) one Au NP deposition; (b) nine Au NPs depositions.

Figure 2-2 shows the UV-Vis reflection-absorption spectra from substrates with
different numbers of Au NPs deposition. The UV-Vis spectrum after one Au NPs
deposition presents an absorption maximum at around 524 nm, which is very close to the
observed from the NPs in water (520 nm). The small red-shift relative to the absorption
of Au NPs in water and the peak width suggest a small degree of aggregation for the
monolayer of immobilized NPs, in agreement with the AFM data from Fig. 2-1. The 524
nm-peak broadened and shifted to longer wavelength as the number of Au NPs
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deposition increased. A similar trend was observed for Au NPs deposited on glass. 2
These changes were accompanied by an increase in absorption in the region between 600
and 800 nm. All these are evidence of increasing aggregation with the number of Au NPs
deposition. The total absorbance, given by the integrated area of the absorption spectrum,
also increased. However, the changes are not as pronounced after 9 Au NPs depositions,

which is similar to our observations in a previous publication. 2
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Figure 2- 2 UV-Vis reflection-absorption spectra for the substrates with different numbers
of Au NPs deposition on Au slides. The spectra were calculated using: Absorbance = -
log(Rxp/Rparean), Where Ryp is the reflectivity from the Au slide modified with Au NPs
(the average from different positions on the same slide is presented); and Ryareau is the
reflectivity from the Au slide without Au NPs. The detection system was equipped with a

filter that cuts off at 450 nm.
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A comparison between the results presented in Fig. 2-2 (for Au NPs deposited on Au

films) with our previous results (for Au NPs deposited on glasszg) shows a few
differences in the shape of the absorption profiles and their evolution with the number of
Au NPs deposition. These differences can be attributed to the differences in the
experimental procedures, surface chemistry and optical properties of the underlying

substrate (glass vs. gold film).
2.2.2 Application of the substrates to enhanced vibrational spectroscopy

Substrate optimization and application in surface-enhanced PM-IRRAS

spectroscopy

Representative PM-IRRAS spectra of the Au-NPs assembly are shown in Figure 2-3,
and they contain several vibrational features that can be readily assigned to the linker
molecule (PDT) used to immobilize the Au NPs to the gold electrode (see scheme 1). The
main vibrational bands in Figure 2-3 at 1419, 1323, 1288, and 1234 em™ have been
previously assigned to the CH; bending/scissoring, the CH; wagging, the CH; twisting
and the CH; twisting/wagging modes of PDT, respectively.‘” The complete assignment
has been confirmed by our own ab initio calculation (DFT rb31yp/6-31 17 g(3df,3pd)). It
should be pointed out that PDT presents three conformers, and the dominant
conformation of the adsorbed molecule may be different than PDT in solution.*'*

In Fig. 2-3c, the spectrum with zero Au NPs deposition corresponds to the flat gold
surface modified with a monolayer of PDT (in the absence of NPs). In this case, the IR
features are weak and the band due to the CH; bending-mode (~1419 cm’') is missing.
The lack of band due to the CH; bending is an indication that only one thiol end of the
PDT is directly adsorbed to the gold surface as pointed out by Joo et al. 2 When only one
of the thiols of the PDT binds to the surface, leaving the main chain almost perpendicular
to the gold surface, the changes in dipdle momentum due to the CH; bending would be
parallel to the surface. According to the surface selection rules, only vibrational modes
with transition dipole components perpendicular to the metallic surface contribute to the
IR intensity.” Hence, this result indicates that an organized self assembled monolayer
(SAM) of PDT was formed.



0.032

0.024 -

0.016

ARIR

0.008 -

0.000

1 b 1 . I ¥ 1 o 1 - L - 1
900 1000 1100 1200 1300 1400 1500
Wavenumber/ cm’

Figure 2- 3 PM-IRRAS spectra: a) one deposition of Au NPs; b) two depositions of Au
NPs:; ¢) zero deposition of Au NPs - monolayer of PDT on a flat gold substrate. All
spectra were background corrected. The peak at 1008 em™ (marked with an asterisk) is an
artefact from the instrument. Also note that the amount of adsorbed PDT in @) and c) are

the same. and it is smaller than the amount of PDT adsorbed in b) (see text and scheme 1).
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Scheme 2- 1 Schematic representation of the procedure for Au NPs deposition on a gold
thin film. This diagram is not to scale. Notice that the amount of PDT before and after

step 2 is the same.

Figure 2-3 also shows a significant increase in the IR absorption after the PDT
monolayer was covered with a layer of Au NPs. Notice that the amount of PDT on a flat
Au surface (a monolayer) was the same before and after the Au NPs deposition (because
the Au NPs are deposited on top of the PDT monolayer — see scheme 2-1). However, the
IR intensity of the latter was about 4 times larger at ~1234 cm’™, as shown in Fig. 2-3. It
is well known that Au NPs can be used as substrate for SEIRS measurements.**>* *
Therefore, the increase in the IR absorption relative to the smooth surface is attributed to
the SEIRS effect. However, as it can be seen in Fig. 2-3, the IR absorption at ~1234 cm™
actually decreased with additional NPs deposition (although after the first layer of Au
NPs, the amount PDT increases with the number of Au NPs deposition — see scheme 2-1).
This effect is better illustrated in Figure 2-4 which shows the dependence of the IR

absorption of all PDT bands from 1000 to 1500 ¢cm™ region vs. the number of Au NPs
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depositions. It is clear from Fig. 2-4 that after five Au NPs deposition, the intensities of

the different bands were comparable to the observed from a smooth gold surface
modified with a PDT monolayer. These observations can be rationalized considering the
operation principle of the PM-IRRAS technique. In PM-IRRAS, the incident light is
modulated between p- and s- linear polarizations and the surface is probed by reflection.
According to the surface selection rules for IR spectroscopy in external reflection
configuration, the s-polarization is not absorbed by the surface species on a highly
reflective metal, while p-polarization incident light is absorbed. Therefore, the difference
between the IR reflection-absorption from both polarizations eliminates the background,
providing an IR absorption related only to the surface species. However, as the number of
Au-NPs deposition increased, the substrate surface become rougher. Rough structures are

45-46

depolarizing (i.e. have a tendency to scramble polarized fields), and in turn decrease

the response towards the difference between s- and p- polarized incident light.
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Figure 2- 4 Dependence of the surface IR intensities of PDT bands on the number of Au
NPs deposition.
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Figures 2-3 and 2-4 showed that the maximum surface-enhanced PM-IRRAS for this
class of substrates (Au NPs immobilized on a flat gold film using a dithiol linker) is
obtained within the first few layers of Au NPs deposition. The relative intensities of the
IR absorption bands also changed with the number of Au-NPs deposition. For instance,
the 1234 cm™-band was almost twice as large as the 1122 cm™-band after the deposition
of amonolayer of Au NPs; however, the ratio between these two bands was closer to one
after two Au NPs depositions (Figure 2-3). These changes in relative intensities are
explained by considering the average orientation of PDT. After adsorption, the PDT
species covering the NPs are oriented randomly relative to the underlying gold surface.
Therefore, the changes in relative intensities can be attributed to an increased distribution
of orientations of PDT with the addition of Au NPs. Notice that the amount of adsorbed
PDT increased linearly after the deposition of the second layer of Au NPs (see scheme 2-
1).

Considering the results from Figs. 2-3 and 2-4, we concluded that the substrate
prepared with just one Au NPs deposition yielded a reasonable enhancement and decided
to use it for the surface-enhanced IR absorption investigation of a probe molecule (4-
HTP). Moreover, since the PDT links the Au NPs to the Au surface, the remaining area
of the NPs not in contact with the surface is free of PDT and may readily interact with the
probe molecule (see scheme 2-1), when the substrate with just one NP deposition is used.

Figure 2-5 shows the surface-enhanced IR spectra of 4-HTP adsorbed on the
optimized substrate (Fig. 2-5a). The spectra of a monolayer of 4-HTP adsorbed on a
smooth Au surface (Fig. 2-5b) and from the substrate in the absence of 4-HTP (Fig. 2-5¢)
are also shown. A comparison between Figs. 2-5a and 2-5b shows that the vibrational
bands of the probe molecule were enhanced in presence of Au NPs. It is believed that
surface area increase can also contribute to the observed SEIRS signal.® Using AFM, it
was found that the surface area after 1 Au NPs deposition was typically less than 1.2
times of the value for the smooth gold surface. Electrochemical measurements, using a
reversible redox pair ([Fe(CN)(,]3"/z[Fe(CN)(,]*), didn’t show an increase in the
electrochemical surface area after the first Au NPs deposition (data not shown). These

findings were consistent with the results reported by Sivanesan et al.” where similar



48
electrochemical experiment was performed for Au NPs self-assembly onto 1,6-

hexanedithiol SAM. Meanwhile, the enhancement factor for 4-HTP (about 4 times
relative to the smooth surface) is about the same as of PDT, where the role of the surface
area was absent, since the amount of PDT did not change after the NP deposition. Thus,
the increase in IR absorption for HTP adsorbed on Au NPs (Fig. 2-5a) relative to HTP
adsorbed on the smooth surface (Fig. 2-5b) is assigned mainly to a surface-enhancement
effect. On the other hand, we should point out that the surface enhancement factor

observed here (about 4) is smaller than the values reported by other authors.* =
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Figure 2- 5 PM-IRRAS spectra of a) 4-HTP on one deposition of Au NPs modified slide:
b) 4-HTP on bare Au slide; ¢) one deposition of Au NPs modified slide in the absence of
HTP (SEIRS signal from the PDT). All spectra were background corrected.
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It can also be seen in Fig. 2-5 that absorptions from the linker PDT (shown in Fig. 2-

5¢) interfere with the final spectrum of 4-HTP on Au NPs modified substrate, since PDT
and 4-HTP both have absorption bands around 1230, 1280, and 1420 em™. In conclusion,
although some vibrational bands from 4-HTP can be uniquely assigned, the interference
from the linker is significant in this particular case. This problem severely limits the
applicability of self-assembled Au NPs using linkers in surface-enhanced IR. Moreover
the enhancement factor obtained by this substrate was only at the lower end of that
reported by other groups.® Therefore, other approaches for Au NPs immobilization,

which do not include organic linkers, seem to be more suitable for SEIRS ***

Substrate optimization for SERS

4-HTP was also used as a probe to evaluate the SERS efficiency of the substrates.
Figure 2-6 shows the SERS spectra of substrates prepared with different numbers of Au
NPs deposition with and without the SERS probe (4-HTP). The spectra in Fig. 2-6 were
baseline corrected for a fluorescence-like background"8 that was observed in all
experiments. The background increased with the deposition of NPs. The main features in
the SERS of 4-HTP agrees well with the report by Lee et al.* There are two important
points that can be observed from Fig. 2-6: Firstly, the SERS bands due to the linker
(PDT) are present even in the absence of the 4-HTP. This SERS background, however, is
much weaker than the signal from the probe molecule. The SERS bands of PDT can be
readily identified as weak features in the SERS spectra containing 4-HTP, as illustrated in
Fig. 2-6d. Secondly, the magnitude of the SERS signal (from both the background linker
and the probe) increased with the number of Au NP depositions. This trend is further
illustrated in Fig. 2-7, where a plot of the SERS signal from the ring breathing mode of 4-
HTP against the number of Au NPs deposition is shown. The SERS intensity increased
with the number of NPs deposition, reaching a maximum value around eleven Au NPs
depositions. The results from Fig. 2-7 were not corrected for surface area variations. This
procedure is justified by our surface area determinations using two independent
techniques, AFM and electrochemistry. AFM showed an average increase in surface area
of 20~30% relative to the smooth surface only after 9 Au NPs depositions. The relatively
small increase in surface area with the number of Au NPs deposition is consistent with

our previous work’’. The 20% variation in the electrochemical surface area is actually
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I°? also reported

within the uncertainty of SERS measurement.”’ Hu et al'’ and Yun et a
SERS intensity dependence with the morphology of the metallic nanostructure without
taking into consideration the surface area, which was also assumed to have a minor effect
compared to the SP contribution to the enhancement of the Raman signal.”

Previously, we investigated the relationship between the SERS signal and the
number of Au NPs depositions on a glass substrate.”” It was found that the maximum
SERS signal was dependent on the excitation wavelength, since different conditions for
optimized surface plasmon resonance were encountered for distinct morphologies. An
optimized SERS substrate for 632.8 nm excitation (He-Ne) was found after nine Au NPs
depositions on glass.” On the other hand, the maximum in Fig. 2-7 occurred after 11 Au
NPs depositions; the SERS signal decreased by roughly 30% and remained stable (within
the uncertainty of the SERS measurements) after the maximum. We attribute the
discrepancy with our previous report to the differences in electromagnetic field
distribution around the nanofeatures for Au NPs deposited in either glass or a flat gold
film. These may include further contributions from additional plasmon hybridization,
which is expected from the interaction between the metallic NPs with the metallic film.**
Another factor is the structure of the linker used to build the first layer of Au NPs. When
a gold film is used, the Au NPs are deposited on a monolayer of PDT. On the other hand,
the glass surface was modified by 3-(mercaptopropyl) trimethoxysilane to allow the
binding with Au NPs. Comparing the AFM results from Fig. 2-1 with our former report>’,
it is found that, although the heights of the features were similar for the same number of
Au NPs deposition, the line scan shows that the features for Au NPs deposited on glass
slide were somehow sharper, and the bumps were more isolated. These factors should
significantly alter the conditions for SP excitation in these substrates, leading to

differences in the trends with the number of Au NPs depositions.
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Figure 2- 6 SERS spectra from Au NPs-modified substrates in the absence and presence
of 4-HTP. a). SERS spectra from one deposition of Au NPs (without 4-HTP); b). 4-HTP
adsorbed on one deposition of Au NPs; c). SERS spectra from nine depositions of Au
NPs (without 4-HTP); d). 4-HTP adsorbed on nine depositions of Au NPs. Spectra a and
b were multiplied by a factor of 10. All spectra were baseline corrected and they are an
average of 4 measurements on different regions on the same slide. Asterisks indicate the

PDT bands. Arrows indicate bands with contribution from both PDT and 4-HTP.



52

8000 -
3 6000
©
2
0
§ 4000 ~
£
4
w2000 -
7]
04
L 1 1 1 1
0 5 10 15 20
Deposition number

Figure 2- 7 SERS intensity of 4-HTP band at 1078 cm’ versus the number of Au NPs
deposition. a) Averages from a single batch preparation, and the error bars are the results

of 4 measurements on the same slide (different spots). b) Averages from 3 different

batches preparations.

The two curves in Fig. 2-7 are for averages calculated from SERS measurements
realized in different spots of the same slides (Fig. 2-7a) and averages obtained from three
different batches (Fig. 2-7b). The calculated percent relative standard deviation (RSD%)
of the SERS intensities measured at different positions on a single slide ranged between
20% to 40%, which is within the normal spatial variability encountered in conventional
random SERS substrates.”’ The spatial variability, measured as RSD%, decreased with
the increasing number of Au NPs depositions. Furthermore, the variability of the SERS
signal among batches (RSD%) was less than 20% after nine Au NPs depositions. These
results imply that the variability in the SERS signal (both the spatial variability within a

slide and the sample to sample variability) is within 20% after nine Au NPs depositions;
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in other words, the variability of the SERS signal decreased with the number of NPs

deposition. This is an important finding, since the reproducibility of the SERS signal is
generally a concern that precludes the widespread application of the SERS technique in
analytical problems. Another important aspect investigated was the long term stability of
the substrates. No deterioration was found in the SERS performance even for three-

month old substrates that were stored in the dark.
2.2.3 Application of the substrates for in situ electrochemical SERS

Another objective of this work was to use this class of substrates for in situ
electrochemical SERS measurement. The Au NPs were immobilized using a thiol linker.
The Au-S bonds can be electrochemically dissociated; therefore, the electrochemical
stability of the substrate needs to be evaluated prior to the introduction of a SERS probe.
Moreover, Fig. 2-6 shows that the SERS signal of the linker is always present as weak
features in the SERS spectrum. These features, however, may interfere with the ones
from the species of interest. It is well known that both position and intensities of the
SERS bands can be potential-dependent, hence, a detailed study of the SERS response of

the substrate in the absence of a SERS probe was carried out.
In situ SERS of the substrates without a probe molecule

Figures 2-8 and 2-9 show the results of the electrochemical stability tests in
experiments without any SERS probe. The insets in Figures 2-8 and 2-9 present the raw
SERS spectra of the substrate at different potentials. The background fluorescence and
the vibrational bands of the PDT can be readily seen in the insets. Fig. 2-8 corresponds to
SERS spectra obtained after each potential was stepped towards negative values from a
starting potential of 0 V.

In order to better illustrate the changes in the SERS bands, all spectra were divided
by the initial spectrum (0V). This spectrum ratio was calculated for each potential using
the raw SERS data (without baseline correction to eliminate the fluorescence) and the
results are plotted in Fig. 2-8. The ratios were close to 1 at all frequencies in the potential
window between 0 and —800mV, indicating that no significant change in either peak

position or intensity was observed in that range. Even the fluorescence background didn’t
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significantly change. When the applied potential reached -900 mV, a few changes,

represented by arrows in Fig. 2-8, were found in the electrochemical SERS spectra. New
SERS bands growing at around 270, 600-700, and 1409 cm”’ were evident from the
spectrum ratio at -900 mV and they were accompanied by an increase in the florescence
background. These features (new vibrational bands and increased fluorescence
background) became more evident as the potential was moved towards more negative
potential values than -900 mV (Fig. 2-8). The changes observed at -900mV are
attributed to the electroactivity of PDT at potentials more negative than -800 mV, since
the desorption of alkanethiol from gold usually happens in the potential region between -
800mV> and -1100mV>° versus Ag/AgCl. Therefore, we conclude that -800 mV is the
limit in the negative range where the substrate is electrochemically inert and can be used
for in situ SERS.
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Figure 2- 8 In situ SERS of the substrate. Applied potential from 0 mV to -1200 mV (vs.
Ag/AgCl). Acquisition time, 180s. Electrolyte, 0.1M KCI. Ratio of the SERS spectrum at
E = (a) -200mV, (b) -400mV, (c) -600mV, (d) -800mV, (e) -900mV, (f) -1200mV over
that of E=0 mV. Arrows emphasize the spectral changes. Inset shows the original spectra

(raw data).
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Figure 2- 9 In situ SERS of the substrate. Applied potential from -800 mV to +500 mV
(vs. Ag/AgCl). Acquisition time, 180s. Electrolyte, 0.1M KCI. Ratio of the SERS
spectrum at E = (a) -600mV, (b) -400mV, (¢) -200mV, (d) 0 mV, (e) +200 mV, (f) +300
mV, (g) +400 mV and (h) +500 mV over that of E=-800 mV. The ratios (a) through (¢)
basically overlap. Arrows emphasize some spectral changes. Inset shows the original

spectra (raw data).

Similarly, in situ SERS tests were performed in the positive potential range. In this
case, the starting potential was -800 mV and the normalized SERS spectra were
calculated using the spectrum at this potential as reference. The raw spectra (inset) and
the ratios can be found in Fig. 2-9. The ratios were again constant in the potential range
between —800 mV to +200 mV, but significant changes were observed after that positive

potential limit. It is also worth noting that after a full run beyond +200 mV, the original
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SERS signal decreased and could not be recovered by stepping the potential back to

values more negative than +200 mV. This indicates that irreversible structure changes
take place after the limit of +200 mV.

The results from Figs. 2-8 and 2-9 indicate that the substrate is not stable at potentials
more negative than -800 mV and more positive than +200 mV. The SERS features of the
background do not change significantly in the potential range between —800 mV to +200
mV. This implies that the substrates can be used for in situ SERS within that range, and
that the potential-independent SERS signal from the interference (linker) could be
subtracted.

In situ SERS of the substrates in the presence of 4-HTP

Figure 2-10 presents the in situ SERS spectra of the probe molecule,4-HTP, on a Au
NPs-modified surface at different applied potentials (within the potential range of the
substrate stability determined in the previous section). The main features of 4-HTP can be
readily identified at around 392, 636, 818, 1008, 1080, 1164 and 1584 em™,
corresponding to the 7a, 12, 6a, 18a, 1, 9a and 8 (8a and 8b are mixed) modes,
respectively, in terms of the Wilson’s notation.*’ Bands attributed to PDT are indicated by
asterisks. The SERS signal from PDT is weak and provides a small interference. More
importantly, the signal from PDT does not change with potential. The inset in Fig. 2-10
shows a plot of the SERS intensity of the breathing mode of 4-HTP (1080 em’™) versus
the applied potential. A maximum SERS signal was observed at around -600 mV. A
decrease of SERS signal at more negative potential is expected, since the desorption of 4-
HTP will happen as seen in cyclic voltammetric experiments involving thiols. The
measurement of the electrochemical SERS trend of 4-HTP from the self-assembled
substrate was possible. Hence, this substrate can be used in electrochemical SERS
measurements provide that the experiments are realized within the potential range of
substrate stability and that the interferences from the PDT bands are recognized. The self-
assembled substrates suggested here present better spatial and sample-to-sample
reproducibility of the SERS spectra than the more conventional electrochemically-
roughened Au electrode. This is an important advantage of this substrate that could be
further explored for the in siru investigation of electrocatalytic process from

nanostructured gold surfaces.
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Figure 2- 10 In-situ SERS response of 4-HTP. a. -800 mV; b, -400 mV; c, 0mV;d,
200mV vs. Ag/AgCl. Electrolyte, 0.1 M KCI. Asterisks indicate the PDT bands
(interference). Inset shows the change of SERS intensity of 4-HTP at 1080 em™ upon

applying potential. Asterisks on spectrum “a” indicates the position of some of the PDT

bands.

2.3 Conclusion

3-D nanostructured substrates were fabricated by the deposition of Au NPs on Au
slides, and these substrates were used for surface-enhanced vibrational spectroscopy. The
substrates were prepared by immersing the slide into a PDT solution followed by
incubation on Au NPs solution, and this procedure was repeated until the desired number
of Au NPs deposition was achieved. A substrate with only one Au NPs deposition

provided the best enhancement for the probe molecule 4-HTP in surface-enhanced PM-
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IRRAS measurements. However, the linker PDT introduced some significant spectral

interferences reducing the applicability of this substrate in IR measurements. It was found
that substrates made by eleven Au NPs deposition yielded the best SERS of the probe
molecule HTP for the 632.8 nm excitation. More importantly, the substrates with more
than 9 Au NPs depositions presented a good spatial and batch-to-batch reproducibility (%o
RSD is lower than 20%). In situ SERS measurements showed that these substrates are
stable in the potential window from —800mV to +200mV versus Ag/AgCl. In this region,
SERS spectral interferences from the linker (PDT) didn’t change with the applied
potential and was easily identified as weak features in the spectra. In situ SERS
measurement of the probe molecule, 4-HTP, was obtained within the potential window of
electrochemical stability of the substrate. The results discussed here also provide a
baseline for further application of this immobilization strategy for the fabrication of

electrodes and substrates for high-sensitive, SERS-based sensors.
2.4 Experimental Section

Chemicals: Unless otherwise mentioned, ACS grade chemicals were used. HAuCly,
sodium citrate dihydrate, 1,3-propanedithiol (PDT), and 4-hydroxythiophenol (4-HTP)
were obtained from Sigma-Aldrich. HPLC grade methanol was obtained from Caledon
Laboratories Ltd. Gold slides (100 nm thick Au deposited on glass —a 5 nm Cr layer is
used to help the adhesion of the gold to the glass) were obtained from Evaporated Metal
Films Inc. Ultrapure water with a resistivity of 18.2 MQ cm (from Barnstead NANOpure
Diamond water purification system) was used throughout the experiments.

NPs synthesis: The glassware was cleaned by soaking into a hot sulphuric acid bath
overnight. After that, it was rinsed thoroughly with ultrapure water. The synthesis of Au
NPs is described in the literature.”’ Briefly, HAuCly solution (1 mM, 500 mL) was
brought to a rolling boil with stirring. Then, sodium citrate solution (38.8 mM, 50 mL)
was added and the heating and stirring were kept for 10 min. After that, the heating was
stopped and the stirring was kept for additional 15 min to finish the reaction. The product
was a wine-red color solution. The as-prepared Au NPs solution was stored in an amber
bottle in a fridge at 4 C.
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Procedure for Au NP deposition: The commercial Au slides were cleaned in oxygen

plasma for 15min and then rinsed with methanol. The procedure for NPs deposition,
represented in scheme 1, was as following: Firstly, a gold slide was soaked into PDT
methanolic solution (SmM) for 24h. A self-assembled monolayer (SAM) of PDT was
spontaneously formed on the gold surface. The slide modified with the PDT SAM was
removed, rinsed with excess amount of methanol and water, and then incubated in a Au
NPs solution for another 24h. After that, the slide was removed from the solution, dried
with N, and rinsed with water. The resulting slide contained a monolayer of Au NPs.
Subsequent Au NPs depositions were accomplished by repeating the following steps:
rinsing the slide containing immobilized NPs with methanol and immersing it into PDT
solution (SmM) for 15min to get the PDT self assembled onto the Au NPs surface. The
substrate was then rinsed with methanol and water and immersed into Au NPs solution
for 1h to deposit Au NPs. After the NPs deposition, the slide was dried with N, and
rinsed with copious amount of water. All samples were stored in water if not used
immediately.

Application of the probe molecule 4-HTP: 4-HTP coated slides were prepared by
immersing the SERS substrates into 4-HTP ethanolic solution (ImM) for 24 h. The
samples were then rinsed with copious amount of ethanol and dried with N».

Characterization: The characterization by AFM was accomplished by using a
ThermoMicroscopes Digital AFM instrument. It was operated under ambient conditions
and noncontact mode. Noncontact AFM tips were obtained from ThermoMicroscopes
(model 1650 - 00). An area of 1000 nm by 1000 nm was always scanned (200 lines in the
scan area), and scan rate was 950nm/s. Other parameters were optimized for each scan.
UV-Vis reflection-absorption spectra of the as prepared Au NPs modified slide was
measured using an USB miniature fiber optic spectrometer (Ocean Optics), attached to
the ocular of an Olympus BHSM microscope. The halogen lamp of the microscope was
used as light source. The experiments were realized in back reflection using a 20X
microscope objective.

PM-IRRAS measurement: PM-IRRAS measurement was performed on a Equinox
55 (Bruker) equipped with a photoelastic modulator (PEM-90 with 1I/ZS50 ZnSe 50 kHz
optical head, HINDS instruments) and a liquid N cooled MCT IR detector (Kolmar
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Technologies). An external reflection configuration was used. The IR beam was directed

to the sample surface at a grazing angle. The acquisition time was 10 min for the
difference spectra and 2 min for the sum spectra. The resolution was set at 4em’™. The
final spectra were obtained by dividing the difference spectra by the sum spectra. The
data presented were background subtracted.

Ex situ and in situ SERS measurement: All the Raman measurements were
accomplished using a Raman microscope system equipped with He-Ne laser source
(632.8 nm, Melles Griot). Ex situ measurements were taken in air with the samples
directly mounted on the stage of the Olympus BHSM microscope. The in situ
measurements were taken with the substrate immersed in an electrolyte and under
electrochemical control. The spectroelectrochemical cell used for in sifu measurements
was also mounted on the stage of the microscope. The Raman experiments were realized
in a backscattering configuration, where the exciting laser and the scattered radiation
passed through the same 50x Olympus microscope objective. An ultra long working
distance objective (NA=0.55) was used for in sifu measurements; and a regular
(NA=0.80) objective was used for the ex situ measurements. A Kaiser super notch filter
was used to remove the unwanted radiation at the laser frequency. A Kaiser Holospec
f/1.4 spectrograph equipped with an Andor CCD detector (model DV-401-BV) was
coupled to the microscope. For in situ measurement, a three-compartment
spectroelectrochemical cell with 1 mm glass window was used. The Au NPs modified
slides were used as working electrodes. A Ag/AgCl was used as reference electrode and a
Pt wire was used as a counter electrode. Typically, 30s of acquisition time was applied
for ex situ measurements while 120s was used for in situ SERS. An Autolab PGSTAT 30

potentiostat/galvanostat was used to control the applied potential.
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Chapter 3: Silver Nanoparticles Self Assembly as SERS Substrates with
Near Single Molecule Detection Limit

This chapter is a paper published on Phys. Chem. Chem. Phys. (2009, 11 (34), 7381-
7389).

Reproduced by permission of the PCCP Owner Societies.

Link: http://www.rsc.org/publishing/journals/CP/article.asp?doi=b904744a

Highly sensitive SERS substrates with limit of detection in the zeptomole (for nile blue A
and oxazine 720) range were fabricated through a bottom-up strategy. Ag nanoparticles
(Ag NPs) were self-assembled onto glass slides by using 3-mercaptopropyl-
trimethoxysilane (MPTMS) sol-gel as linker. The substrates were characterized by UV-
Vis and AFM after each deposition of Ag NPs. It was found that the glass slide presented
just a few Ag NPs aggregates scattered throughout the surface after just one deposition.
The glass surface was gradually covered by a homogeneous distribution of Ag NPs
aggregates as the deposition number increased. Surface-enhanced Raman scattering
(SERS) of the substrates was examined at different numbers of Ag NPs deposition using
nile blue A and oxazine 720 as probe molecules and two laser excitations (632.8 nm and
785 nm). Optimum SERS was observed after six depositions of Ag NPs. SERS mapping
indicated that at lower deposition numbers (less than 3 Ag NPs depositions) the
substrates presented a few SERS “hot—spots” randomly distributed at the surface. After 7
Ag NPs depositions, spatial distribution of the SERS signal followed Gaussian statistics,
with a percent relative standard deviation (RSD%) of ~19%. In addition, the sample-to-
sample reproducibility of the SERS intensities under both laser excitations was lower
than 20%. It was also found that these substrates can provide giant Raman signal
enhancement. At optimum condition and with 632.8 nm laser, the signal from an

estimated of only ~44 probe molecules (100x objective) can still be detected.
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3.1 Introduction

After more than 30 years of development, surface-enhanced Raman scattering
(SERS)'™ has been proven as a versatile analytical technique.’ This is not only due to its
high sensitivity but also because SERS provides vibrational (fingerprint) information of
target molecules. The analytical capabilities of SERS have been explored in several
fields, including environmental sciences and biomedicine.”"” For example, SERS has
been used to detect DNA,'' enzymes,” and even to follow enzymatic activity in a single
cell.® In addition, SERS-based immunoassays are widely reported and provide several
advantages relative to other labeling techniques, in terms of sensitivity, selectivity and
multiplexing.”'’ SERS detection has also been used in environmental analysis for the
detection of polycyclic aromatic hydrocarbons in aqueous solution.'*"”

The enhancement of local electromagnetic fields via localized surface plasmon
modes in metallic nanostructures is mostly responsible for the SERS phenomena.> '+
This field localization is controlled by the nanostructure morphology. Hence, there are
tremendous efforts to explore different nanostructures that support SERS, aiming at
optimized substrates with high sensitivity and reproducibility.

SERS substrates can be prepared using either the bottom-up or the top-down
strategy. The electrochemical roughening of electrodes through oxidation-reduction
cycles (ORCs) is among the simplest example of a SERS substrate." '” However, this
technique does not allow much control over the size and shape of the nanofeatures,
leading to low reproducibility. Recently, more elaborated top-down strategies become
accessible due to the latest developments in nanolithography. Modern nanofabrication
methods allow tailoring of the nanostructures for maximum enhancement, and the
fabrication of reproducible nanofeatures even in a large area.'*?" For example, periodic
arrays of sub-wavelength apertures (nanoholes) have been proved to be a successful
SERS substrate.”>* SERS from single nanoholes has also been observed.” Other top-
down fabricated nanostructures for SERS reported recently include: Au nanoparticle

26-2 . . 2
arrays;“("'7 “multi-bowtie”**

structures; Au nano-disks with different thickness and
separation distances;*’and gold moon crescent structures.’’ Some of these structures were
proved to have close to single-molecule detection limit.” ** ** However, the common

disadvantage among some of these top-down methodologies is their high cost per
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fabricated sample and their serial character (such as in focused-ion beam milling and in
electron beam lithography). A cheaper alternative is the preparation of SERS substrates
by the self-assembly of metallic nanoparticles (bottom-up approach). The building blocks
in this case are nanoparticles (NPs) of different shapes (nanospheres, nanorods,
nanocubes) and compositions, including core-shell structures.’' The NPs are immobilized

.36 3743 . . .
o interactions with

in a planar platform through either covalent or non-covalent
linkers. The “linkers” generally used for non-covalent self-assembly are organic
polymers* and polymer dendrimers,”® * DNAs,*” and proteins;**™* as for covalent self-
assembly, organic silane®” and dithiols™™* are common choices. The preparation of
positively charged Ag NPs* and their application in the multi-layer self-assembly of
oppositely charged NPs as SERS substrates'’ ™ has also been reported. The bottom-up
approach, however, commonly provides less spatial and sample-to-sample reproducibility
than the nanolithographic methods.

Previously, we have reported a bottom-up strategy to fabricate SERS substrate using
Au NPs.**** | 3-propanedithiol was used as linker for the multiple depositions of Au NPs
onto both glass and gold slides. It was found that the SERS signal maximizes after a
certain number of Au NPs depositions at a given excitation energy. Meanwhile, the
spatial variation of the SERS signal and the optimized sample to sample reproducibility
obtained by this procedure were lower than 20%.%

In this report, we will present a self-assembled substrate for SERS based on Ag NPs
as building blocks and 3-mercaptopropyltrimethoxysilane (MPTMS) sol-gel as linker.
Although dithiols was proved to be good linkers for the stepwise deposition of Au NPs, ™
% they are not as efficient for Ag NPs deposition. Alternative approaches for Ag
immobilization include thiol-exchange reactions® and layer-by-layer deposition through
electrostatic interactions.’”® **47*® The limited success of the application of dithiol as
linker to the fabrication of self-assembled Ag structures is probably due to the strong
affinity of the thiol functionality towards the Ag surface which favors the simultaneous
interaction of both thiol groups of the dithiol with the Ag, leaving no free thiol group to
interact with the adjacent layer.”® Hydrolyzation of MPTMS leads to the formation of a
sol-gel rich in free thiol functionalities,”' which guarantees the availability of thiol groups

after binding to the bottom layer of Ag NPs. It was found in this report that the SERS
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efficiency increases with the number of Ag NPs deposition, stabilizing after 6 depositions

for both 632.8 nm and 785 nm laser excitations. These results agree with our previous
work involving Au NPs deposition on Au films.** The spatial variation of the SERS
signal also decreased with increasing Ag NPs depositions, as revealed by SERS mapping.
In addition, slide-to-slide variations in SERS intensities proved to be less than 20% for
both lasers used. Finally, this class of substrates is very sensitive, allowing the detection

of about 44 Nile blue A (NBA) molecules at 632.8 nm excitation using a 100x objective.

3.2 Experimental section
3.2.1 Chemicals

Unless otherwise mentioned, ACS grade chemicals were used. AgNO;, sodium
citrate dihydrate, 3-mercaptopropyltrimethoxysilane (MPTMS), Oxazine 720 and Nile
blue A (NBA) perchlorate were obtained from Sigma-Aldrich. Ultrapure water with a
resistivity of 18.2 MQ.cm (from Barnstead NANOpure Diamond water purification
system) was used throughout the experiments. Glass slides are 1x1 inch regular

microscope slides.
3.2.2 Synthesis of Ag NPs and MPTMS sol-gel

The preparation of Ag NPs followed the procedure reported in the literature.”
Briefly, a 500 mL AgNOj; solution (I mM) was heated to ~90 °C (initial boiling) under
vigorous stirring. Then, 20 mL of 1% sodium citrate solution was quickly added. The
solution was kept on a hotplate with stirring until it turned into an apparent luminescent
yellow. After that, the hotplate was removed but stirring was kept until the solution
cooled down to the room temperature (about 25°C). The as prepared Ag NPs showed an
absorption peak at 407 nm.

The MPTMS sol-gel preparation also follows the literature®' but with some
modifications. Briefly, 600 uL. of MPTMS and 500 pL of 0.1M HCI were added into 50
mL of water. The solution was vigorously stirred for at least 1 hour. The sol-gel solution

should be used the same day.
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3.2.3 Preparation of the SERS substrate

The glass slides were cleaned using piranha solution and rinsed thoroughly with
water. Then, they were dried using a nitrogen flow, rinsed with methanol and soaked into
10 mM MPTMS methanolic solution for 24 hours. The modified slides were then rinsed
with copious amount of methanol, dried with nitrogen, rinsed again with water, and
finally immersed into the Ag NPs solution for another 24 hours. For the deposition of
additional Ag NPs, the slides were removed from the Ag NPs solution, thoroughly rinsed
with water and dipped into the MPTMS sol-gel for 20min and then immersed again in the
Ag NPs solution for 1 hour. This procedure was repeated until the desired number of Ag

NPs depositions was achieved. Rigorous rinsing was performed after each step.
3.2.4 Characterization of the SERS substrate

The UV-Vis spectra of the slides were obtained using a UV-Visible spectrometer
(Agilent, model 8453). The spectrum of a clean glass in air was used as background.
AFM scans were accomplished using a Nanonics Imaging AFM model MV-1000.
Intermittent contact mode was used with a pulled glass fiber tip. The image was analyzed
with WSXM software.

3.2.5 SERS measurement

All the Raman measurements were accomplished using RENISHAW inVia Raman
microscope system equipped with a He-Ne and a diode near IR as laser sources. The He-
Ne excitation, at 632.8 nm (6.7 pW), presented a circular laser spot at the sample with a
diameter (FWHM) equal to 0.9 pm for the 50% objective and equal to 0.5 um for the
100x objective. The laser spot of the diode near IR laser, at 785 nm (0.317 mW), was a
rectangle of 2.6pmx5.8um for the 50x objective.

The SERS probes (nile blue A and oxazine 720) were added to the substrates as
following: An appropriate amount of the dyes were dissolved in methanol. Then, 50 uL
of the solution was dropped onto the 1x1 inch substrate. This amount of solution covered

the whole surface. The slides then were left in air to dry.
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To calculate the amount of probe molecules in the laser spot region, the number of

moles of the probe molecule was calculated from the solution concentration and then
divided by the surface area of the glass slide, yielding moles per unit area, which was
then multiplied by the size of the laser spot. Note that this calculation is based on the
assumption that the binding constant of the probe molecules to the substrate is infinitely

high. Thus, the estimated number N of adsorbed molecules is an upper limit.

Scheme 3- 1 Preparation of the SERS substrates. This diagram is not to scale. Step 1: The
surface of a clean glass slide is modified by MPTMS to yield pedant thiol groups; Step 2:
The modified glass slide is immersed in a solution of Ag NPs (grey circles), which will
adhere to the surface by interacting with the thiol groups; Step 3: The slide is dipped in
sol-gel of MPTMS to add more thiol functionalities to the surface; Step 4: The substrate
is immersed again in a solution of Ag NPs to receive an additional layer of Ag NPs. Steps

3 and 4 are repeated until the desired number of depositions is achieved.
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3.3 Results and discussion
3.3.1 Substrate characterization

Scheme 3-1 represents the procedure used in the preparation of the SERS substrates
used in this work. A clean glass slide was initially modified with MPTMS. The modified
slide was dipped into an Ag NPs solution for 24h. The Ag NPs interact with the pendent
thiol groups of the MPTMS, forming the first layer of NPs. Further addition of NPs was
accomplished by dipping the slide with the first layer of Ag NPs in MPTMS sol-gel for
20 min. The MPTMS sol-gel “polymer™ attach to the Ag NPs but leaves free thiols for
the deposition of the next Ag NPs layer. The last two steps were repeated until the

desired number of Ag NPs depositions was achieved.
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Figure 3- 1 SERS spectrum from Ag NPs substrate after 7 Ag NPs depositions. There are
no probe molecules adsorbed at the silver surface and the spectrum corresponds to the
background due to the sol-gel polymer. Laser excitation at 785 nm. The inset shows the

spectrum of the same sample obtained using 632.8nm excitation.
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A common disadvantage of linker-based SERS substrates is the Raman signature of

the linker molecules (the sol-gel “polymer”, in our case), which will be a constant
background in the SERS experiments. Fig. 3-1 shows spectra of the SERS substrate after
the deposition of 7 Ag NPs “layers” for both lasers excitations used in this work. The
Raman signature in Fig. 3-1 is typical for hydrolized MPTMS. For instance, the bands
labeled as @ have been assigned to the longitudinal and transverse optical (LO and TO)
stretching modes of Si-O-Si, and the b band is the symmetrical stretch of the Si-O-Si
network.’*** The peaks labeled ¢ and d are from SiOH modes, implying some defects in
the polymeric network.”** The background spectrum presented in Fig. 3-1 will not be a
significant spectral interference for SERS of strong scatters. However, the background
become important during the detection of a small number of adsorbates, as it will be
discussed later.

The morphologies of the SERS substrates prepared in this work were monitored by
AFM, and a few representative images are presented in Fig. 3-2. It is clear from the AFM
that the packing density and the homogeneity of the surface features increased with the
number of Ag NPs deposition. The height of the features in Fig. 3-2a was between 40-90
nm, which is in agreement with the particle size distribution of the synthesized Ag
colloid.”> All AFM images presented features with average lateral dimensions between
200-400 nm, except for Fig. 3-2a (1 Ag NP deposition) that shows a few clusters with
lateral dimension of less than 100 nm.

Fig. 3-3 shows the UV-Vis absorption of the substrates prepared with different
numbers of Ag NPs depositions. A typical surface plasmon absorption band was
observed at 409 nm for the substrate with just one deposition of Ag NPs. This absorption
maximum red-shifted with the increasing number of Ag NPs deposition, quickly reaching
446 nm after 7 depositions of Ag NPs, and shifting only slightly after that. An absorption
shoulder at around 680 nm appears after 3 depositions of Ag NPs, and the absorption
band tails towards the near IR (ca 1000 nm) region as the number of Ag NPs deposition
increases. These results are common indications of Ag NPs aggregation, which become
more significant with the increase in the amount of Ag NPs.* The optical data agrees
with the increase in nanoparticle density with the number of Ag NPs depositions shown

in the AFM images in Fig. 3-2.
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Figure 3- 2 AFM images of the Ag NPs substrates after a) 1: b) 3; (¢) S: and d) 7

depositions of Ag NPs. The representative line profiles of the images are shown ina’, b’,

¢’ and d’, respectively. Scale bar shows 40 nm.
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Figure 3- 3 UV-Vis absorption of Ag NPs modified slides. From bottom to top: 1, 2, 3. 4,
5,7,9,11, 13, 15, 17 deposition(s) of Ag NPs on glass.

3.3.2 SERS performance

Substrate optimization for SERS

Nile blue A (NBA) and oxazine 720 were used as molecular probes to evaluate the
SERS performance of the Ag NPs modified slides. Both dyes have very similar structure
and have electronic absorption in the region of the 632.8 nm excitation. Therefore,
experiments using that excitation wavelength contain contributions from the resonance
Raman effect (surface-enhanced resonance Raman scattering (SERRS)). The dependence
of the SER(R)S intensity of the ca 593 cm™-band of NBA with the number of Ag NPs
depositions is presented in Fig. 3-4. Experiments were carried out for two laser

excitations: 632.8 nm and 785 nm. The SER(R)S intensities in Fig. 3-4 are averages of 5
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measurements from different spots of the slide surface and the error bars represents the
standard error of these measurements. The SERS spectrum in the inset for 785 nm
excitation present a weak broad shoulder around 680 cm’ (indicated with an arrow), but
this feature is absent in the case of 632.8 nm excitation. This shoulder is a background
contribution from the substrate (Fig. 3-1). Notice that no resonance Raman contribution is
expected at 785 nm, but additional Raman resonance effect is present at 632.8 nm
excitation (SERRS effect) and the background signal from the substrate is negligible in
that condition. The higher intensity (in cps) observed for the 785 nm excitation (Fig. 3-4b)
is due to the larger power density and illuminated area for this excitation.

After 6 Ag NP depositions, the SER(R)S signal reached a maximum and stabilized
after the peak, although some increase is still noted in Fig. 3-4a. It is difficult to
rationalize the reason for this stabilization without any knowledge of the evolution of the
near field distribution within the different morphologies, although an increase in
scattering loss from large nanofeatures should contribute to this effect. The behavior,
however, is in agreement with our previous results from Au NPs deposited on gold
slides.** Interestingly, we didn’t observe the strong dependence on the optimum SERS
with the excitation wavelength as observed for Au NPs deposited in glass using a dithiol
linker.”® This may be rationalized by considering the differences in particle size and
morphology between these substrates (Au deposited on glass using dithiol linkers™ and
Ag deposited on glass using MPTMS sol-gel (this work)). As shown in Figs. 3-2a to 3-2d,
the coverage of Ag NPs aggregates changed with increasing deposition. This can be
further confirmed from the line profiles in Fig. 3-2b’ to 2d’, which shows almost no
change in the lateral dimensions of the nanostructures with increasing deposition
numbers. This behavior differs from the results observed using Au NPs, where lateral
sizes of the features increased with increasing deposition number.” This is a fundamental
difference, certainly related to the nature of the linker, which might explain the different

trends in SERS intensities observed from both Ag and Au deposited on glass.
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Figure 3- 4 SERS performance of the Ag NPs-modified glass slides. NBA was used as the
molecular probe and its 593 cm™'-band is plotted against the number of Ag NPs
depositions. a) 632.8 nm excitation and power density equals to 10 pW/ um?; b) 785 nm
excitation and power density equals to 21 uW/um”. The amount of NBA on each slide
was constant (4pg/ml). 5 measurements were performed in different regions of each
sample and the SER(R)S results were averaged. The bars show the standard error (SE)
that represents this spatial variation. Insets show SER(R)S spectrum of NBA on a

substrate after 7 Ag NPs deposition for each excitation.
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The SER(R)S intensity obtained after 6 Ag NP depositions, normalized by the
excitation conditions, from just one Ag NP deposition was about 2 orders of magnitude
higher than what was observed for Au NPs.**** Fig. 3-4 also shows that the SERS signal
increased as a power function up to the peak at 6 depositions of Ag NPs, where our
former result on Au showed roughly a linear increase until the maximum.** Zhu et al®®
considered that SERS intensities should depend on both size and population (i.e. inter-
particle distance) of NPs, and they showed that there is a threshold particle density where
the interaction between the particles become significant. When the population is lower
than this threshold, the SERS intensity increased slowly with the particle density.
However, the SERS intensity will increase fast due to the localized surface plasmons
resonance (LSPR) coupling after the threshold value is reached. This effect is especially
prominent for NPs with larger size, which is the case that we are reporting here.

The insets in Fig. 3-5 are the SERRS mappings from the Ag NPs substrate surfaces
obtained using the 632.8 nm laser. The spatial distribution of SERRS intensity (in terms
of peak area, see the caption in Fig. 3-5) can be also visualized in Fig. 3-5 by the analysis
of the histograms obtained from these maps. The statistics of the mappings were done
using a method proposed by Scott.”” The histogram shows the distribution of SERRS
intensities (normalized by the average). The inset in Fig. 3-5a shows that, for 1 Ag NPs
deposition, there are several regions at the surface with weak SERS activity. This is
confirmed by the large number of events with “zero™ intensity in the histogram. In this
case, more than one third of the surface area of the substrate presents very low SERRS
intensity, although regions with SERRS signal as high as 32 times the average was also
observed, indicating the presence of a SERS hot-spot.™ '® A skewed spatial distribution of
SERRS intensities is also observed after 3 and 5 depositions, respectively (Figs. 3-5b, 3-
5¢). After 3 Ag NPs depositions (Fig. 3-5b), the distribution of SERRS signal narrows,
and the distribution peak maximum appear closer to 1 (average) compared with that of
Fig. 3-5a. The same observation was recorded after 5 Ag NPs depositions (Fig. 3-5¢). A
dramatic change in the shape of the distribution is observed after 7 Ag NPs depositions
(Fig. 3-5d). The distribution in this case presents a normal (Gaussian) profile, with the

distribution maximum centered at 1. Also note that the long distribution tails seen in Figs.
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3-5a, 3-5b and 3-5¢ are not evident anymore after 7 Ag NPs depositions (Fig. 3-5d). The

spatial variability of SERS intensity calculated from the FWHM of the Gaussian
distribution from Fig. 3-5d is about +20%. The mapping results from Fig. 3-5 indicate
that the spatial variation of the SERRS intensities were greatly improved after 7 Ag NPs

depositions.
Sample-to-sample reproducibility of SERS measurements

The sample-to-sample reproducibility of the slides prepared using our self-assembly
procedure was tested and the results are presented in Fig. 3-6. Three different slides were
used and the experiments were carried out at both excitations (632.8 nm and 785 nm).
The SER(R)S intensity from each slide is the average from 10 randomly chosen spots and
the error bars in Fig. 3-6 represent the calculated standard error (SE) for the spatial
variation of the SER(R)S signal. The RSD% (among different slides) on the mean
SERRS intensities is less than 10% for 632.8 nm excitation, but the RSD% under 785 nm
is 18%. The difference in the spatial variation of SERS intensity for the same molecule at
the same substrate but at different excitation wavelengths is an interesting effect. We
attribute this difference to the nature of LSPR modes excited within the illuminated area
at the laser frequency. It is anticipated that different LSPR-modes (surface features) are
responsible for SERS at different wavelengths. The spatial distribution of surface
structures that provide optimum SERS (hot spots) at 632.8 nm and 785 nm are not
expected to be the same. This interesting result highlights the fact that a SERS substrate
is “optimized” (not only in terms of enhancement efficiency but also in terms of

reproducibility) for a particular excitation wavelength.
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Figure 3- 5 SERRS mapping of the substrates coated with oxazine 720. Laser excitation at
632.8nm. The diagrams show the area of the dominant oxazine 720 SERRS peak at
around 595 cm™. @ to d represents the SERRS intensity (in peak area) distributions from
the respective SERRS maps (inset). Note that the intensities for the histograms were

normalized using the average SERRS intensity (in peak area).
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Figure 3- 6 Spatially-averaged SER(R)S intensities (at 593 cm™) for three 7-Ag NPs-
deposition slides. a) 632.8 nm; b) 785 nm. The error bar shows the standard error of the

spatial distribution of SER(R)S intensity. Concentration of NBA: 4ug/ml.
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Figure 3- 7 Spatially-averaged (5 measurements) SERRS spectra at different
concentration of NBA (background corrected). a) 2ng/mL; b) 10ng/mL; ¢) 40ng/mL; d)
100ng/mL. Spectra a to ¢ were multiplied by a constant showed in the figure. Laser
excitation was 632.8 nm and the substrate with 7 Ag NPs depositions were used. N is the
estimated number of molecules within the laser spot. The asterisk (*) marks the position

of the strongest NBA band.

Limit of detection (LOD) for the probe molecule NBA

The quality of the SERS substrate may also be evaluated by its limit of detection
(LOD) for a particular molecular probe. Fig. 3-7 shows the spatially-averaged SERRS
spectra of NBA obtained at different concentrations. A fluorescence-like background,
present in some spectra, was corrected, and the spectra at lower concentrations were

multiplied by a constant for better comparison. The strong bands at ~509cm™, ~677 em™,
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~750 cm™' are from the substrate (Fig. 3-1), but the NBA band (marked with an asterisk

(*) in Fig. 3-7) can still be clearly indentified at very low analyte concentrations (Fig. 3-
7a). Even the dominant band from the substrate at ~677 cm™' doesn’t constitute a strong
interference at higher concentrations of the dye for 633 nm excitation (100 ng/mL, Fig. 3-
7d), showing the strong efficiency of the SERRS effect in this case. The number of
molecules in the laser spot, N, was calculated assuming a uniform coverage of the whole
surface (see experimental section for details). SERRS was still observed even when only
142 molecules were estimated to populate the laser spot at 632.8 nm excitation and a 50x
objective lens. Since it is unlikely that all 142 molecules populate hot-spots inside the
laser illuminated region, it is possible that the amount of molecules that are actually
contributing to the observed signal is even smaller

This is better illustrated in Fig. 3-8, where a SERRS mapping was performed for a
sample with only ~142 molecules estimated in the laser spot. Since the coverage of NBA
is small (assuming NBA molecule lies flat on the substrate (the maximum space it can
occupy), the coverage would be roughly 0.06%), the chance of NBA molecules finding a
hot spot is also small. Furthermore, the distribution of hot spots and the distribution of
molecules are two independent factors, and the combination (to produce SERRS) is
multiplicative. Thus, a lognormal (or tailed) rather than a normal distribution of
intensities across the slide is expected.5 % This is exactly what is shown in Fig. 3-8b. Most
of the surface presents signal levels smaller than the average (there are also spots with no
SERRS signal), but the SERRS from a few spots can be much larger than the average
value.

Similar results were obtained with a 100x objective and are presented in Fig. 3-9.
The higher magnification and NA of the 100x lens allow the illumination of an even
smaller spot size, probing a smaller number of molecules. A weak NBA signal is still
present under these conditions. Since only 44 molecules are estimated in the laser-
illuminated area, and not all of them will be at hot spots, it is likely that these results are
approaching the single-molecule limit. No blinking was observed in our case, indicating
that the molecules are immobilized in the hot spot in the dry conditions of our

experiments.
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Figure 3- 8 a) SERRS mapping of the 593c¢m™-band of NBA: b) histrogram of the spatial
distribution of SERRS intensity. 60s accumulation. Concentration of NBA 2ng/mL. 7 Ag

NPs deposition. Laser excitation at 632.8 nm.
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The performance of the substrate at near IR excitation was also probed. Fig. 3-10
shows the SERS from different concentration of NBA obtained using 785 nm laser
excitation. Since NBA has no electronic absorption in this region, the Raman
enhancement does not benefit from a resonance Raman mechanism, as it was the case for
632.8 nm excitation. Thus, the relative SERS signal is not as strong as for 632.8 nm
excitation, and the interference of the background signal from the substrate is much more
severe (Fig. 3-10 inset). In this case, the LOD determined using the same procedure as for
632.8 nm, was about 28 zeptomoles (2.8%10% moles) of molecules (10ng/mL, 50x
objective, numerical aperture (NA)=0.75). Note that the laser spot at 785 nm is larger

(see experimental section for details)).

SERRS / cps
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Figure 3- 9 SERRS spectra of NBA using a 100x objective from different spots at the
same slide. Experimental conditions are the same as in Fig. 3-8. But only about 44

molecules are estimated in the laser spot. Laser excitation at 632.8 nm.
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Figure 3- 10 SERS spectra of NBA at different concentrations (785 nm laser). Each
spectrum is the averages of 5 measurements at different spots on the same slide. Inset
shows an extended spectrum for 100 ng/mL of NBA. The arrow indicates the NBA band.

The other strong features are the background from the substrate.

3.4 Conclusion

In this report, we used a multi-step deposition procedure to immobilize Ag NPs on
glass using MPTMS sol-gel as linker. The procedure yielded highly sensitive SERS
substrates. It is found that the Raman signal was dramatically enhanced (up to 3 orders of
magnitude compared to just one deposition for both lasers (visible and near IR)) after 7
Ag NPs depositions. SERRS mapping showed that the number of hot spots increased

with the deposition number, and the spatial distribution of intensities follows a normal
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statistics when the surface is covered by a homogeneous distribution of nanofeatures. The

spatial and sample to sample variability of the SE(R)RS intensities were less than 20% in
this case. Detectable SERRS signal was observed even when the number of molecules in
the laser spot was around less than 100. Single molecule sensitivity is likely achieved,
since not all molecules will populate the hottest spots. Even without the extra
contribution from resonant Raman effects, the detection limit from these substrates is at

sub-zeptomolar level for the dyes tested.
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Chapter 4: Characterization of a Layer-by-layer biofuel cell anode by

(in-situ) vibrational spectroscopy

This chapter is a manuscript submitted. It is a work based on a collaboration project with
Harrington group in University of Victoria. Dr. Manuel Marechal and Amanda Finn
contributed to the development of the anode, Dr. Marechal also performed the cyclic

voltammetry analysis.

Polarization modulation infrared reflection absorption spectroscopy (PM-IRRAS) and (in
situ) surface-enhanced (resonant) Raman scattering (SE(R)RS) were used as “quality
control” tools during the construction of a model biofuel cell anode. The model anode
was a layered structure formed by 4-hydroxythiophenol (HTP) attached to a coenzyme
analog, Cibacron blue F3G-A (CB), which then supported the adsorption of the enzyme
formaldehyde dehydrogenase (FalDH). Ex siru SERS and PM-IRRAS showed that HTP
binds to a gold surface through its thiol group. The binding of CB to the HTP layer was
shown by a combination of ex situ and in situ SERS data. In situ SERS spectra after

immobilization of FalDH to the CB layer confirmed successful enzyme immobilization.
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4.1 Introduction

Biofuel cells use microorganisms or enzymes, instead of inorganic catalysts, in at
least one of their electrodes.'™ Their fuels can be as simple as hydrogen or methane or as
complicated as sugars. Compared with conventional fuel cells, biofuel cells are more
selective to a particular fuel, and have the advantages of working at ambient temperature
and physiological pH. These advantages make them suitable for applications as
implantable devices and portable power supplies.

Currently, however, enzyme-based biofuel cells still present two important
disadvantages: low power density and short lifetime. Proper enzyme immobilization
helps to minimize both of these issues.” ** Enzymes immobilized at the right orientation
are necessary to optimize the electron transfer efficiency to the electrode, producing
higher power density.* ® For example, it is found that catalytic activity of laccase was
greatly affected by the immobilization method (physical adsorption versus chemical
binding).”

To help understand and eventually solve some of these difficulties, many techniques
have been developed and used to monitor the enzyme immobilization procedure. For
example, AFM®*'" can monitor the immobilization of enzymes and the morphological
changes at the electrode. There are also reports about the application of scanning
electrochemical microscopy (SECM)'? and X-ray photoelectron spectroscopy (XPS)" for
the same purpose.

Vibrational spectroscopic methods, which can give direct information about the
presence and orientation of surface bound molecules, have also been applied in biofuel
cell research." ' Surface-enhanced Raman scattering (SERS) is a very sensitive
vibrational spectroscopic method.” The origins of SERS are generally linked to two
groups of mechanisms: the charge transfer (CT) and the electromagnetic (EM)
mechanisms.'®"® The former originates from resonant transitions involving the metal’s
Fermi level and the molecule’s frontier orbitals, and only affects molecules directly
attached to the metal surface.'® '*?” The latter is related to LSPR and accounts for most

of the observed features in SERS.'® "

For instance, the exponential decay of SERS
signals with increasing distance from the substrate surface®' is attributed to the decay of

the LSPR field. Meanwhile, if the wavelength of the laser used to excite SERS is within
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the electronic absorption range of the adsorbed molecule, an extra enhancement of one to

two orders of magnitude can be achieved in a process called surface-enhanced resonance
Raman scattering (SERRS). However, despite the many merits of the SERS technique,'”
19 examples of its application for the characterization of “multi-layers™ of adsorbates on
surfaces are still limited.”>?* We are also not aware of any reports on the application of
SERS in biofuel research. The objective of the present work is to demonstrate that SERS
can be used to characterize a multilayer biofuel cell anode. A well established three
“layers” sample anode (Scheme 4-1) was chosen as the model system." **** The results
showed that the unique vibrational signature of each component of the “layer-by-layer”

anode was present after each adsorption step.

FalDH = Formaldehyde dehydrogenase
Enzyme
Anthraquinone moiety
-~

Formic acid Formaldehyde

NH;
. HTP attaching
N e position
- &
1 H HO8
NH/KN)\N
Au Electrode Cibacron Blue (CB)

Coenzyme analog

Scheme 4- 1 Schematic representation of the configuration of the model biofuel cell

anode.



94
4.2 Materials and methods

4.2.1 Chemicals

Unless otherwise mentioned, ACS grade chemicals were used. HAuCls, sodium
citrate dihydrate, 1,3-propanedithiol (PDT), 4-hydroxythiophenol (4-HTP), Cibacron
Blue F3G-A (CB), and FalDH (5.06 units/mg) were obtained from Sigma-Aldrich.
Methanol at HPLC grade was obtained from Caledon Laboratories Ltd. Gold slides (100
nm thick Au deposited on glass coated with a 5 nm Cr adhesion layer) were obtained

from Evaporated Metal Films Inc.

Ultrapure water with a resistivity of 18.2 MQ-cm (from Barnstead NANOpure

Diamond water purification system) was used throughout the experiments.
4.2.2 Substrate preparation

SERS substrates are the nanostructured surfaces of noble metals (mainly Cu, Ag and
Au) that support the surface-enhancement effect. All SERS measurements were realized
using Au nanoparticles (NPs) deposited on Au slides, which were described elsewhere.””"
3 The 13 nm Au NPs were synthesized using established procedures and the NPs were
deposited using PDT as linker. A total of nine Au NP “layers™ were used in all

experiments.
4.2.3 Sample preparation — biofuel cell anode (see Scheme 4-1)

HTP SAM preparation

2 mM of HTP was prepared in ethanol. The electrode (either the SERS substrate or a
smooth gold film*™*' used for PM-IRRAS) was immersed in the HTP ethanolic solution
overnight. After that, the slides were rinsed with excess ethanol and dried with N..
Samples containing a HTP monolayer on the gold (nanoparticle) surface are denoted

throughout the text as AwHTP.

Anchoring of CB
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CB (1 mM) was dissolved in a H3BO3-KCI-NaOH buffer (pH 11). The reaction

conditions were the same as described by Bertilsson et al' for their alcoholic type linker.
Briefly, HTP modified slides were immersed in the | mM CB solution and left in a water
bath (80°C) for 8 hours. After that, the slides were taken out and rinsed with excess

water. This type of sample is denoted throughout the text as Au/HTP/CB.
FalDH enzyme binding

FalDH was dissolved in pH 8 phosphate buffer at 8 units/mL (~1.6 mg/mL). The
FalDH solution was drop-coated onto the as-prepared Au/HTP/CB slides and refrigerated
overnight. Then it was gently rinsed with phosphate buffer. This type of sample is
denoted as Au/ HTP/CB/FalDH.

Control samples

Several control samples were prepared. Physisorbed CB on Au slides (Au/CB) was
made by directly immersing the gold slides into CB solutions and using the same
experimental procedure for the preparation of AwHTP/CB (the lack of HTP being the
only difference). Drop-coated Aw/HTP/CB and Au/CB were prepared by applying a drop
of CB dissolved in methanol to the gold surface, with and without the HTP SAM,

respectively, and then rinsing with the same solvent.
4.2.4 PM-IRRAS measurement

PM-IRRAS measurement was performed using a Equinox 55 (Bruker) equipped
with a photoelastic modulator (PEM-90 with II/ZS50 ZnSe 50 kHz optical head, HINDS
instruments inc.) and a liquid N, cooled MCT IR detector (Kolmar Technologies). An
external reflection configuration was used. The IR beam was directed to the sample
surface at a grazing angle. The acquisition time was 10 min for the difference spectra and
2 min for the sum spectra. The resolution was set at 2 cm™. The final spectra were
obtained by dividing the difference spectrum by the sum spectrum. The data presented

were manually background corrected.
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4.2.5 In situ and ex situ SERS measurement

All the Raman measurements were accomplished using a Raman microscope system
equipped with a He-Ne laser source (632.8 nm, Melles Griot). Ex sifu measurements were
taken in air with the samples directly mounted on the stage of an Olympus BHSM
microscope. The in situ measurements were taken with the substrate immersed in an
electrolyte and under electrochemical control. The spectroelectrochemical cell used for in
situ measurements was also mounted on the stage of the microscope. The Raman
experiments were realized in a backscattering configuration, where the exciting laser and
the scattered radiation passed through the same 50x Olympus microscope objective. An
ultra-long working distance objective 50x (numerical aperture (NA) =0.55) was used for
in situ measurements, and a regular 50x objective (NA=0.80) was used for the ex situ
measurements. A Kaiser super notch filter was used to remove the unwanted radiation at
the laser frequency. A Kaiser Holospec f/1.4 spectrograph equipped with an Andor CCD
detector (model DV-401-BV) was coupled to the microscope. For in sifu measurement, a
three-compartment spectroelectrochemical cell with 1 mm glass window was used. The
Au NP modified slides were used as working electrodes. Ag|AgCIl|[KCl(sat.) was used as
reference electrode and a Pt wire was used as a counter electrode. An Autolab PGSTAT
30 potentiostat was used to control the applied potential. All the potential values quoted

are versus Ag|AgCl|Cl(sat.).
4.3 Results and discussion

The sample biofuel cell anode investigated here (Scheme 4-1) is a slightly modified
version of the system reported in the literature."” 2* The main difference is that a 4-
hydroxythiophenol (HTP) was chosen to form the initial self-assembled monolayer
(SAM) rather than a long chain alkanelthiol. HTP is a good SERS probe,32 and, similarly
to the long chain alkanethiol, it has a thiol group that attaches to the metal surface and a
hydroxyl group that can be functionalized.” ***® There is an expectation that electron
conductivity through the aromatic ring will be enhanced relative to an alkyl chain. In
addition, the electrochemical activity of HTP SAM on Au colloids and on flat gold

surfaces has been examined.’”* A different enzyme, FalDH, was used when compared to



97

the anode previously reported in the literature. The characterization of each of these
layers, i.e. the HTP SAM formation, the binding of CB, and the immobilization of the

enzyme through the affinity reaction with CB, are presented below.
4.3.1 The “first layer™: characterization of the HTP SAM

SERS and PM-IRRAS techniques were used to identify the adsorption of HTP on a

gold surface. /n situ SERS was performed to check the stability of the monolayer.
Adsorption of the HTP SAM on the Au electrode

The SERS and PM-IRAAS results for HTP adsorbed on gold are presented in Fig. 4-
1. In Fig. 4-1a, both normal Raman of bulk HTP and the SERS spectrum of HTP SAM
adsorbed on a gold electrode modified with Au NPs are presented. The relative intensities
of the dominant bands in the bulk at 385, 814, and 918 cm™, are greatly reduced in the
SERS spectrum. 4b initio calculations (DFT rb3lyp/6-311""g (3df.3pd)) were performed
and showed that all these bands have contributions from the S — H vibration. The PM-
IRRAS spectrum of HTP SAM presented in Fig. 4-1b is consistent with this, since the
band at 2559 cm’, which is due to S-H stretching, is completely missing after
adsorption. Thus both techniques indicated that the SAM of HTP is formed via bonding
of the S atom to the gold, and no evidence for a large amount of “unbound” HTP

molecules, as reported before “, was observed in our case.
Electrochemical stability of the HTP-SAM

The electrochemistry of HTP adsorbed on Au surfaces has been examined by two
different groups.”‘w Both groups reported an anodic current near 0 V at neutral pH. Two
different reaction schemes for the HTP oxidation were proposed. Chen ** suggested a two

1,** on the other hand,

steps process with a carbonium ion intermediate. Stolarczyk et a
pointed out that the oxidation of HTP could only happen after the applied potential was
close to 0.5 V in phosphate buffer (pH 7.0), and no Faradaic current was observed when
the applied potential was limited to the range between -0.3 and +0.3 V. Based on this

1P**" proposed another mechanism: at 0.5 V in neutral

observation, Stolarczyk et a
conditions, the HTP molecule loses an electron and a proton from the -OH group to form

a radical. Once formed, the radical will quickly attack neighboring HTP and form a
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dimer. This dimer then is partially desorbed and hydrolyzed to form a species containing

a quinone moiety. The last product corresponds to the observed Faradic current at around

0V.

SERS (SAM)

A\ apiiol
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Figure 4- 1 a) Normal Raman spectrum of bulk HTP and SERS spectrum of adsorbed
HTP (SAM) on Au NPs modified electrode; b) IR spectrum of bulk HTP and PM-IRAAS
spectrum of an adsorbed HTP monolayer (SAM) on a smooth Au film. The intensities of

all spectra were normalized for comparison.
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Figure 4- 2 (a) in situ SERS of HTP on Au NPs modified electrode from -800mV to
+500 mV; (b) same as (a) but zoomed at selected potentials for comparison. Electrolyte:
0.1 M KCI. Potential was scanned from -800 mV towards positive values. OCP,

measured independently, was close to -100 mV.
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We are particularly interested in the electrochemical stability of the HTP SAM,
because our biofuel cell sample anode operates up to 0.3 V. Fig. 4-2 shows the in situ
SERS of HTP on an Au NP modified electrode at different applied potentials. The spectra
were recorded within the potential range from -800 mV to +500 mV in steps of 100 mV.
Fig. 4-2a shows that the overall SERS intensity decreases as the potential is made more
positive. Three possible processes can contribute to the decrease in SERS intensity: 1) it
might be an effect of losing the CT contributions to the SERS signal;'®?" 2) the substrate
structure (adsorbed Au NPs) might not be stable at relative positive potentials; or 3) the
electrochemical oxidation of the HTP molecule occurs. Analysis of normalized HTP
spectra didn’t show significant changes in the relative intensities from -800 mV to 200
mV, which indicates that no electrochemical reaction involving HTP took place in that
potential range, contradicting the findings suggested by Chen.”® The electrochemical
stability of the Au NPs electrode was established in our previous work, and no major
contributions from the substrate is expected for potentials more negative than +300 mV.*
Hence, we concluded that the decreasing SERS signal up to 200 mV should be assigned
to the losing of CT contribution. At potentials more positive than +200 mV, the
electrochemical activity of HTP starts to play a major role. This is well illustrated in Fig.
4-2b, where the spectra of HTP from three potentials were normalized using the band at
~1080 cm™. Two regions with significant changes are identified in Fig. 4-2b. Note that
only HTP bands and their relative intensities are compared, and no contribution from the
substrate is observed (the background SERS from the substrate is much weaker than for
HTP). The HTP SERS at +200 mV is very close to that at OCP (~ -100 mV). However,
when the potential was further increased (more positive than +200 mV), the band at
around 390 cm™ disappeared, and the one at around 1580 em” was enhanced (relative to
the 1080 cm™). Our calculations showed that the C-O-H functional group contributed
most to these two bands. Hence, these spectral changes indicate that an electrochemical
reaction took place on the C-O-H functional group at +500 mV, which is consistent with

the formation of a dimer suggested by Stolarczyk.*”*’
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Figure 4-3 In situ SERS of HTP at different potentials. On the Au - S region is shown.
The potential scan starts from 0 V towards negative values. Electrolyte: 0.1M KCI. The

spectra were normalized using a band from the SERS substrate at around 1410 em™.
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The reductive desorption of the HTP monolayer was also investigated. Fig. 4-3
shows the in situ SERS measurement for HTP adsorbed on Au at negative potentials. The
band shown in Fig. 4-3 is assigned to the Au—-S stretch.”’ The Au— S band is recorded at
273 em’ at positive potentials and it does not shift between 0 to -700 mV. However,
when the potential reached a region between -800 to -1000 mV, the Au-S band shifis to
lower frequency (from 273cm™ to 266cm’™). This shift can be interpreted as weakening of
the Au-S bond at the onset of the monolayer reduction. It is then possible to conclude that
the HTP monolayer might start to desorb at around -800 mV. Note that this band will not
totally disappear even if the HTP molecules are completely desorbed since the SERS
substrate also has Au— S band in that region.*
The results from Figs. 4-2 and 4-3 suggest that the HTP monolayer is stable in the
potential range between -700 mV and +200 mV. HTP will desorb from the surface at

potentials more negative than -800 mV and the -OH group will be oxidized at +500 mV.
4.3.2 The second “layer”: CB immobilization and characterization

As seen in Scheme 4-1, CB has a diaminoanthroquinone (DAAQ) chromophore,
responsible for a broad electronic absorption band between 400 to 700 nm.”** Since the
wavelength of the laser used in the SERS measurements was 632.8 nm (in resonance with
a molecular electronic transition), the adsorbed CB yielded a very strong SERRS signal.
Moreover, the SERRS spectrum of CB was very similar to that of 1,4-DAAQ. £
However, as shown in Scheme 4-1, the suggested HTP attaching position is not on the
DAAQ moiety. Also, due to the resonance effect, the CB signal is much stronger and
practically obscures the bottom HTP layer. These difficulties were tackled by carefully
designing experiments to help elucidate whether the CB was bound onto HTP from the
SERS signal of the bilayer.

A series of ex-situ SERS experiment (in air and without potential control) was first
carried out from samples consisting of CB simply drop-coated onto Au NPs modified
slides with and without HTP SAMs (these samples will be referred to as drop coated
AwHTP/CB and drop coated Au/CB, respectively). After the SERS measurements, the

same samples were then immersed in CB solution and incubated at 80 °C for 8 hours,
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which are the conditions to chemically react CB with HTP. The ex situ SERS spectra

were recorded again after that treatment.

The SERS spectra of the drop coated CB samples were compared to the ones obtained
after incubation in basic solution to determine any difference between CB just
physisorbed and CB that actually reacted with the HTP monolayer. The spectra were
normalized by the dominating CB band at 1268 cm” and the difference spectra (between
AuwHTP/CB and Au/CB, before or after incubation, respectively) are shown in Fig. 4-4.
Fig. 4-4a is the normalized and baseline corrected SERS spectra of AwWHTP/CB and
Au/CB (both before and after incubation), where Fig. 4-4b is the difference between the
AWHTP/CB and Au/CB (black line: difference before incubation, i.e. drop coated; red
line: difference after incubation, i.e. after reaction). The difference spectrum obtained
from the drop-coated sample (drop coated AwWHTP/CB - Au/CB, Fig. 4-4b black line)
closely resembles the SERS spectrum of HTP SAM (Fig. 4-1a). This is expected because
CB is only physisorbed (drop-coated) in these cases. That is, the SERS spectrum of drop
coated AwWHTP/CB is just the sum of both SER(R)S from CB and HTP. On the other
hand, the difference spectrum obtained after incubation (AwHTP/CB - Au/CB, Fig. 4-4b
red curve) showed some interesting changes, although it still presented the main features
of the HTP spectrum (Fig. 4-1a). As shown by arrows in Fig. 4-4b, the HTP bands shified
(4~12 em™) after incubation in basic solution. These shifts suggest the successful
immobilization of CB molecules through a chemical bond with the HTP molecules. Fig.
4-4b also clearly shows a valley at ~1350 cm™. This is caused by the changing of relative
SERRS intensity of CB after incubation, which points towards some sort of surface re-
organization for CB after binding (which might be connected to a preferential orientation
of the chemically attached CB). Both the HTP band shifts and the changes in relative
intensities of the CB features are consistent with a successful immobilization of CB
mediated by HTP.

Further evidence of CB binding to the HTP linker was sought through in situ SERS
measurements (under electrochemical control). The dependence of the strongest SERRS
band of CB at 1268 cm™ (Fig. 4-4a) at neutral pH (pH 6.7, i.e., in 0.1 M KCI as
electrolyte) with the applied potential was obtained for both the Au/CB and the
Au/HTP/CB sample (Fig. 4-5). As can be seen in Fig. 4-5, the overall SERRS signal of
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the CB band at 1268 cm™ from AwHTP/CB is lower than from the Au/CB in the whole

potential range investigated. This suggests the presence of the HTP, since the SAM
would keep the CB molecules further away from the surface, reducing their SERS
activity (according to EM theory, the SERS signal should decrease with the distance from
the surface'”). Another interesting aspect of Fig. 4-5 is that both Au/CB and Aw/HTP/CB
show maximum SERRS signal when the potential reaches -800 mV, and the SERRS
intensity decreases sharply as the potential is swept to more negative values. The
decrease of SERRS signal at potentials more negative than -800 mV is assigned to the
reduction of CB. The electrochemical reduction process is better illustrated in Figs. 4-6a
and 4-6b. As the potential is swept to more negative values, the band around 1640 em’
diminishes for both systems, Aw/CB and AwWHTP/CB, and a new band appears at around
1580 cm'(Figs. 4-6a and 4-6b). These changes are consistent with the reduction of the
DAAQ moiety of CB from the quinone to the hydroquinone form at potentials more
negative than -800 mV.*™* These results also show that CB binding to HTP does not
affect the electrochemical properties of the DAAQ moiety.

In summary, for ex situ SE(R)RS experiments, the difference spectrum between
drop-coated AwWHTP/CB and Auw/CB resembles the HTP SERS spectrum. However,
band-shifts were found for HTP after incubation in basic medium, indicating the
successful reaction between CB and HTP. /n situ SERRS consistently showed intensity
differences between the Au/CB and the Au/HTP/CB. The overall SERRS signal from CB
molecules is reduced by the presence of the HTP SAM, which is consistent with a spacer
between CB molecules and the electrode surface. The drop of the SERRS signal at
potentials more negative than -900 mV for both Auw/CB and Auw/HTP/CB is caused by the
reduction of the DAAQ moiety. All these evidences suggest that CB molecules were
successfully linked onto the electrode surface though HTP in the AwHTP/CB system.
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Figure 4- 4 a) Ex situ SERS spectra of drop coated Auw/CB, drop coated AwHTP/CB,
Au/CB after incubated in conditions that promote the reaction between the OH group of
the HTP and CB, and Aw/HTP/CB after incubated in conditions that promote the reaction
between the OH group of the HTP and CB. The spectra were normalized using the CB
band at 1268 cm™; b) Black line. Difference spectrum between drop-coated AwHTP/CB
and drop coated Aw/CB. Red line. Difference spectra between AwHTP/CB and Au/CB
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after incubation in basic solution (which promote chemical reaction between HTP and
CB). The difference spectra were normalized using the HTP band at ~ 1080 em’. The
arrows indicate the bands that shifted after incubation. The difference spectra were

obtained after all the spectra were normalized using the CB band at 1268 em™ and

baseline corrected.
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Figure 4- 5 SERS intensity vs. potential plots for the CB band at 1268 em™'. Electrolyte:

0.1 M KCI (pH=6.7). The potential was scanned from positive towards negative values.
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4.3.3 “The third layer”: The enzyme immobilization and characterization.

Protein adsorption has been shown to change the SERS spectrum of linker
molecules.”* Since the SERRS signal from the CB will still be dominant after the
adsorption of the enzymes, the direct observation of strong bands from the protein
adsorption are not expected. Fig. 4-7 shows the in situ SERS spectra of the AwHTP/CB
anode with and without the enzyme FalDH (Fig. 4-7a) and their difference spectra (Fig.
4-7b) obtained at different applied potentials. The CB SERRS band at 1268 em’ was
normalized to facilitate the comparison between the samples (with and without the
presence of the protein). Changes in relative intensities were observed in Fig. 4-7a at
~1400 cm™ and ~1580 cm™' after incubation with FalDH (indicated by arrows). Some
band shifts were also observed. For example, the band at ~1636 em™ at 0 mV, assigned to
the C=0 group in the DAAQ moiety, shifted to higher frequency (~1639 cm’™) in the
presence of FalDH. All these changes are better illustrated in the difference spectra (Fig.
4-7b), where two positive bands and a negative band were found at those positions shown
in Fig. 4-7a.

These spectral differences indicate that the immobilization of the enzyme was
successful. The CV data, shown in Fig. 4-8, confirmed the catalytic activity of the anode
after the protein immobilization. The band shift at ~1636 cm™ may be related to the
disturbance of the intramolecular hydrogen bond of CB due to the protein binding.* The
broad band at ~1580 cm™ is a direct proof of the enzyme presence, since this band can be
assigned to amide Il and/or tyrosine residues of the enzyme.'”™ The changes at ~1400
em™ —region are more complex. The increase of the shoulder at ~1412 cm” may be a
contribution from the enzyme, since proteins have a band in this region.*’ It can also be
the result of changes in the CB local environment since there is a report for 1,4-DAAQY,
the chromophore in CB, indicating pH dependent SERS intensity changes in that region.
The important point is that either of these possible explanations for the changes around
1400 em™ supports the presence of the enzyme adsorbed enzyme on the CB layer.

In summary, we showed that vibrational spectroscopy, particularly SERS, can be
used to follow the formation of multilayers of different components in a biofuel cell
model anode. Since every component and their interactions can be identified, we

suggested that this type of characterization should be useful to prove successful
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immobilization and to further understand the proper adsorption modes that lead to

successful biofuel cell electrodes.
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Figure 4-6 a) In situ SERS spectra of Au/CB at neutral conditions at different applied
potentials; b) /n situ SERS spectra of AwHTP/CB at neutral conditions at different
applied potentials. The potential scan was initiated at more positive values towards

negative potentials. Electrolyte: 0.1 M KCI (pH=6.7). Arrows show the directions of the

changes in relative intensities.
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Figure 4-8 Cyclic voltammograms obtained with AwHTP/CB/FalDH electrode before (a)
and after (b) formaldehyde adding (50 pmol-L-1). Scan rate 50 mV-s-1 in 50 mM tris
buffer (pH=7.4).

4.4 conclusion

A sample biofuel cell anode was investigated by vibrational spectroscopy. A SAM
of HTP was first examined in terms of adsorption characteristics and the in situ
electrochemical stability. Then, the enzyme linker, CB, was added to the HTP SAM.
Although the SERS signal from the HTP was largely masked by the CB due to its large
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SERRS effect, the chemical interaction between HTP-CB was obtained by examining

combinations of ex-situ and in situ SERS. These suggest that the CB molecule was
successfully linked onto the HTP SAM. /n situ SERS of the anode in the presence of
enzyme FalDH was recorded and compared with the situation where the enzyme was
absent. The spectral changes provoked by the enzyme imply that its immobilization was
successful, which is in agreement with electrochemical measurement (Fig. 4-8). In
summary, we showed that the layer by layer modification of a biofuel cell electrode or a

biosensor can be monitored in situ and in stepwise fashion by SERS.
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Chapter 5: Multilayer Silver Nanoparticles Modified Optical Fiber Tip
for High Performance SERS Remote Sensing

This chapter is published in the Biosensors & Bioelectronics. Dr. Gustavo F.S. Andrade
contributed to the experiment design and performed all the SERS mappings.
Doi: 10.1016/j.bios.2010.03.00, reproduced with permission. Copyright 2010 Elsevier

This work presents the construction and optimization of nanoparticles-modified
optical fiber tip (NPs-MOFT) devices for remote sensing by surface-enhanced Raman
scattering (SERS). Silver nanoparticles (Ag-NPs) were self-assembled on optical fiber
tips through a “layer-by-layer” procedure. It is shown that the SERS performance is at
optimum when 5 “layers” of 50 nm Ag-NPs were deposited on the optical fiber tip. Using
the optimized Ag NPs-MOFT device, it was possible to detect 200 nM of the R6G dye in
remote sensing mode (backscattering through the fiber). It was also possible to detect dye
molecules with different structures and charges at the micro-molar concentration level,
including anions, cations and neutral species. It can be envisioned that the Ag-NPs-
MOFT device reported in this work can be further developed for SERS-based remote

biosensing.
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5.1 Introduction

The discovery of the surface-enhanced Raman scattering (SERS) effect 35 year ago
I3 paved the way for the extension of Raman spectroscopy to the realm of trace detection.
The use of SERS as an analytical tool has grown over the past years *°, although there
are still a few drawbacks that prevent its widespread application ! The SERS technique
proved to be able to detect single molecules 78, This property qualifies the technique as
one of the few that reached this level of sensitivity, in addition to, for instance,
fluorescence and scanning-tunnelling microscopy. This positions SERS as one of the few
ultimate analytical tools available nowadays. Single-molecule SERS has been reported

'0, and in

from different environments °, including under electrochemical conditions
single living cells °.

Fiber optics based sensors, on the other hand, have been developed for several
spectroscopic techniques, including normal Raman and SERS 112 Sensors based on
optical fiber are suitable for remote detection and can easily be implemented to in-field
measurements . However, fiber optic sensors based on SERS received much less
attention than normal Raman '*'*. The several approaches that can be used for
engineering optical fibers for SERS can be divided into two main groups: optrodes and
cladding-coupled sensors.

The cladding-coupled sensor is based on the evanescent field between the core and
the cladding of the optical fiber. The fiber is polished or etched carefully to decrease the
cladding thickness allowing higher intensity for the evanescent field. The resulting fiber
is then modified on the thin clad area with a silver or a gold layer. The evanescent field is
used to excite the SERS . This procedure usually leads to very fragile sensors, and the
re-coupling of the Raman scattered light is very inefficient, resulting in limited Raman
sensitivity.

For the optrode approach, the tip of one (or a bundle) of optical fibers are modified
by the SERS-active layer, and the laser collection can be done either in backscattering
through the same fiber or by forward scattering using a separated set of fibers. The first
reports on optrodes relied on the concept of using a metal-modified optical fiber tip as the
16-17

SERS substrate, and a collection fiber to couple the SERS signal to the spectrometer

Stokes and Vo-Dinh reported the use of microparticles of alumina covered with Ag ¥,
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and Polwart et al. reported the immobilization of Ag nanoparticles on the tip of an optical

fiber ' as single-fibers SERS optrodes. Several authors proposed other procedures to
obtains optrodes, including photochemical modification 0 evaporation of metal films >~
2 nanoimprint lithography23, and electron beam lithography . However, some of these
sensors showed a limited sensitivity and they were not suitable for carrying both
excitation and Raman photons at the same time, which prevented their application in
remote sensing.

In our previous works, it was found that the SERS performance of metallic
nanoparticles (MNPs) modified substrate is greatly depended on the number of MNPs
depositions >*?’, because larger deposition number tends to increase the density of NPs
on the surface, which in turn yields to a higher population of SERS hot-spots. At
optimized MNPs deposition numbers, the SERS signal can be orders of magnitude higher
than for just one MNPs deposition, depending on the laser frequency, the solid support
and the nature of the MNPs. Furthermore, the sample-to-sample reproducibility was also
greatly improved with increasing deposition numbers 26 In the present work, we extend
the use of this methodology to modify OFTs with Ag NPs. We will show that the Ag
nanoparticles-modified optical fiber tip (AgNPs-MOFT) devices fabricated in this way
have very good sensitivity and reproducibility. Most importantly, this device is suitable
for remote sensing. As a proof of concept, remote detection of several dyes with diverse

chemical structures was performed using the AgNPs-MOFT device.
5.2 Materials and methods
5.2.1 Chemicals

Unless otherwise mentioned, ACS grade chemicals were used. AgNOs, sodium
citrate di-hydrate, 3-aminopropyltrimethoxysilane (APTMS) and Nile blue A (NBA)
perchlorate were obtained from Sigma-Aldrich. Rhodamine-6G (R6G), 4-
dicyanomethylene-2-methyl-6-(p(dimethylamino)styryl)-4H-pyran (DCM) and Congo
Red (CR) were obtained from LambdaChrome. Ultrapure water with a resistivity of 18.2

MQ c¢m (Barnstead NANOpure Diamond water purification system) was used throughout
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the experiments. Methanol (Calderon, HPLC grade) was used without further

purification.

5. 2.2 Ag NPs synthesis and the immobilization on OFT

The preparation of Ag NPs follows the procedure reported in the literature )

Briefly, a 500 mL AgNO; solution (5.29x 10 M) was brought to boiling under vigorous
stirring. Then, 10 mL of 1% sodium citrate solution was quickly added. The heating and
stirring were kept for an hour and then only with stirring until the solution cool to room

temperature. The as prepared Ag NPs showed an absorption peak at ~399 nm.
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Figure 5- 1 Configuration of the optical fiber tip modified with “multi-layer” of Ag-NPs.
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The APTMS sol-gel was prepared by following a method for 3-

mercaplopropyltrimethoxysilanezs’ ¥ Briefly, 400 pL of APTMS and 332 pL of 0.1M
HCI were added into 33 mL of water. The solution was vigorously stirred for at least 1
hour. The sol-gel mixture shall be used the same day. The Ag-NPs self-assembly
procedure was similar to our previous work of Ag-NPs on glass slide and it is illustrated
in Fig. 5-1°. The single mode optical fiber (F-SA from Newport, with 2 pm core
diameter) was cut into ~ 40 cm long segments.

Before the modification, the polymer protection layer close to the tip of the fiber (~3
cm) was peeled off, and then the tip was cleaved using a ceramic cuter to obtain a flat
surface. The OFT was then cleaned in piranha solution for 20 min and washed thoroughly
with deionized water. After drying under N gas flow, it was soaked in a 10 mM APTMS
ethanolic solution for 24 h. Following the modification with APTMS, the OFT was
thoroughly washed with deionized water, dried and soaked for additional 24 h in the Ag-
NPs suspension. Finally, it was washed with deionized water and dried under N, again.
For the deposition of additional Ag-NPs layers, the OFT was soaked for 20 min in the
APTMS sol gel solution and followed by 1 h in the Ag-NPs suspension, with vigorous
rinsing with deionized water between steps. This procedure was repeated until the desired
number of “layers” was obtained. After the last desired layer of Ag-NPs was deposited,
the AgNPs-MOFT was heated up in N, atmosphere to ~110 °C for 15 min to induce cross
linking among the APTMS sol gel and improve the stability of the modifier layers of Ag
NPs .

5.2.3 SERS spectra

The SERS spectra were obtained in a Renishaw InVia Raman spectrometer,
equipped with the 632.8 nm line from a He-Ne laser (4.5 mW of power on the objective).
The objective used was a 50x magnification, with NA (numerical aperture) =0.75. The
full-width at half-maximum (FWHM) of the He-Ne laser spot for this objective is 0.9
pum. The spectrometer is also equipped with a motorized stage that allows the computer-
controlled XYZ positioning of the sample, which was used to obtain the Raman
mappings.

The SERS spectra were obtained sending the laser light through the 50x objective to
the unmodified proximal tip of the optical fiber, with the distal Ag-NPs-modified tip
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immersed in the analyte aqueous solution, as shown in Fig. 5-2. The SERS mapping was
obtained by moving the motorized stage of the Renishaw InVia microscope in both X and
Y directions at step size of 0.5 um. A SERS spectrum was recorded in each spot from the
proximal fiber tip (unmodified tip). To obtain the SERS map, the peak area of the
strongest SERS band (1508 cm™) of R6G was plotted as a function of the X-Y position.
The SERS intensity is color-coded; the brighter colors represent higher intensities. It
should be noticed that methanolic solutions were also used, but the SERS performance of
the AgNP-OFT was lower in this solvent. Both excitation and collection were in the

proximal tip of the modified fiber, which is the configuration suitable for remote sensing
25

Spectrometer

Bare fiber tip

Motorized
XYZ-stage

Figure 5- 2 Scheme for the the SERS experiments using the AgNP-OFT devices.
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5.3 Results and Discussion

The optical fibers used in the work were single mode in the visible light range, and
the diameter of their core was 2 um. The diameter of the core used in this work is smaller
than that in previous works 13 which is justified by the fact that it is a single-mode optical
fiber in the 632.8 nm region. This will minimize light loss during the SERS
measurements. The small core caused the coupling of light possible only in a small area
of the fiber tip. In order to get the best possible coupling, the fiber holder was mounted
on the motorized stage in the Raman microspectrometer as shown in Fig. 5-2.

SEM images were obtained for Ag NPs-MOFT device after 5-Ag NPs-depositions,
and they are shown as supplementary material (Fig. 5-S1). The SEM images clearly
showed that a homogeneous, high density assembly of Ag NPs on the fiber tip was
achieved, as observed before for Ag NPs depositions on planar glass slides 2

The Raman spectra were acquired sending the laser light from the proximal
unmodified tip throughout the whole fiber length, and collecting the light back-scattered
from the distal modified fiber tip, as depicted in Fig. 5-2. The setup shown in Fig. 5-2 is
intended to allow the use of the device for remote sensing, because the modified tip can
be directly introduced into the sampling environment. In the present work, the samples
were in vials away from the spectrometer, the Ag-NPs modified optical fiber tip was
simply immersed in the sample solution without any special mount.

A Raman mapping at the unmodified tip was performed to find an optimum spot that
presents the maximum SERS signal, which is expected to be at the center of the fiber
core. In this kind of measurement, the computer-controlled motorized XYZ-stage stop in
one spot and one Raman spectrum is taken; following this, the XYZ-stage moves to the
next spot and a new spectrum is obtained. This process is repeated in a pre-determined
area of the sample. After the completion, the intensity of a certain band can be plotted as
a function of the position on the sample, generating a 2D-plot. The Raman intensity is

color-coded; the brighter colors representing higher intensities.
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Fig. 5-3 shows the Raman mapping for the 1508 cm'-region of the proximal

unmodified tip for a Ag-NPs-MOFT immersed in a 10 uM R6G dye solution. The Raman
mapping in Fig. 5-3A shows that no SERS from R6G can be detected in most of the area
of the fiber tip (Fig. 5-3B), but only from a small spot, which corresponds to the fiber
core, the R6G SERS spectra with a high signal-to-noise ratio can be observed (Fig. 5-
3C). The SERS performance evaluation of the device was based on the most intense
spectra from the Raman mappings, which corresponds to the middle of the fiber core,
where most of the light is coupled.

The “layer-by-layer” procedure allows multiple depositions of Ag-NPs on glass
using the APTMS sol gel as linker”. Fig. 5-4A presents the SERS intensity of the 1508
cm” band of 10 pM R6G on the NPs-MOFT devices as a function of the number of Ag-
NPs layers deposited.

It can be noticed in Fig. 5-4A that the SERS intensity is maximized after 5 Ag NPs
depositions. The maximum SERS intensity was roughly 10 times higher than for just one
deposition. Further increase in the number of Ag NPs deposition decreased the SERS
signal. Fan and Brolo studied the SERS intensity dependence with the number of Ag-NPs
deposition on glass slides and found that the maximum intensity was from 6 layers of Ag-
NPs>. Also, further increase in the number of Ag-NPs deposition on glass slides did not
affect the SERS intensity after the maximum. The decrease in SERS signal after 5 Ag-
NPs deposition, shown in Fig. 5-4A, can be rationalized by taking into account the SERS
measurement configuration. The laser excitation must travel through the fiber, excite the
Ag-NPs at the tip from the glass side and interact with molecules adsorbed at the Ag-NPs
solution interface. The scattered light must couple back into the fiber to reach the
spectrometer. Therefore, it must be a balance between the thickness of the metal layer
and the arrangement of the nanostructures to generate the required hot-spots for SERS.
The increase in SERS intensity from 1 to 5 depositions might be assigned to an increase
in the number of hot spots accessible to the adsorbed species. After 5 Ag-NPs deposition,
the thickness of the metal layer become significantly large, decreasing the efficiency of
both excitation and collection through the metal film.

One of the major concerns on the development of SERS substrates is the sample-to-

sample reproducibility of the SERS signal. Fig. 5-4B presents the SERS intensity from
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R6G 10 uM solution for seven samples of the optimized 5 layers Ag-NPs-MOFT device.
The relative standard deviation (RSD%) for this device was around 25%, which is
consistent with previous reports” %,

The minimum amount of analyte that can be detected by the Ag-NPs-MOFT was
also explored. Fig. 5-5A presents SERS spectra from 200 and 500 nM R6G solutions
obtained using an optimized Ag-NPs-MOFT device. It is worth mentioning that the two
measurements were made with the same Ag-NPs-MOFT, starting from the lowest
concentration and with a washing step between measurements. One can notice in Fig. 5-
SA that it is possible to observe the characteristic SERS bands of R6G for concentration
as low as 200 nM. In previous reports on metal-modified single optical fibre tips for
back-scattering detection using SERS, Polwart ' detected crystal violet down to 100 nM
and Lan *’ reported optrodes that could detect R6G down to 10 nM with the addition of

1 reported the detection of R6G in

NaCl to the solution containing the dye. Shi
concentrations as low as 1 nM with the addition of Ag NPs to the analyte solution, and
Kostovski > reported the detection of one monolayer of thiophenol and 100 pM of R6G.
In Fig. 5-5B, a calibration curve for one of our Ag-NPs-MOFT is shown. The SERS
intensity (in peak area) versus the concentration of R6G was well fitted using a
Langmuir-Freundlich isotherm (R2 = 0.998), and the limit-of-detection (LOD) was
determined to be 3 nM for the AgNP-MOFT device in remote sensing mode. To our
knowledge, this report is probably one of the lowest concentrations achieved using the
real time remote sensing configuration, and without the help of any extra reagents other
than the analyte. The equilibrium constant for R6G adsorption on AgNPs and the
saturation coverage were also obtained from the isotherm, and they are in good
agreement with a previous work 2, as discussed in more details in the Supporting
Information (supporting information, 5- S2).

Hence, this high sensitivity property, in addition to the ease fabrication and high

reproducibility, shows a considerable promise for this SERS device in remote sensing.
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It is also worth mentioning that the sensor area that actually contributes to the SERS
signal contains hot-spots within the ca. 3 um’ fiber core. The surface coverage of R6G is

2 ‘ .
1932 the combination of low surface coverage

expected to be low at these concentrations
and small number of hot spots limits the probability of R6G molecules to populate the
sites that contribute mostly to the signal (hot spots) ' The detection of R6G for
concentrations lower than 200 nM, as observed in our previous report for Ag-NPs
adsorbed on glass slides™, could be achievable, but it would probably require a long
immersion time to collect the sample due to the even lower probability of R6G molecules
to find a hot spot.

The stability of the Ag NPs-MOFT device was also examined. It was found that
there is no loss of SERS activity for the device when stored in air for 72 hours. However,
the SERS performance of the device decreased dramatically after storage in water for 24
h, and it was completely lost after storage in methanolic solution for the same period of
time. The decrease in SERS intensity might be related to the solvolysis of the silane
linker layer . This limitation affects prolonged measurements using a single Ag-NPs-
MOFT device, especially in methanolic environment. These limitations are offset by
some of the advantages of the device; including easy fabrication involving standard
chemicals and well-established wet chemistry methods that can be easily extended to
mass production, and, most importantly, the reasonable sample to sample reproducibility
(RSD% of ~25%).

Metallic NPs made from different methods usually are known to have different
surface charges, and hence favour the adsorption of certain types of analytes, which
strongly correlates with the average SERS intensity’’. Hence, the ability to detect
molecules with very different structures and charges without pre-treatment of sample is
an extremely desirable property for SERS remote sensors. This kind of property could
make the sensor useful for cellular studies in the future, where labeling with multiple
organic dyes are common practice”. The AgNPs-MOFT device was then tested using a
large range of analytes. Fig. 5-6 presents the SERS spectra of NBA, DCM and CR in
concentration of 1 uM on NPs-MOFT devices. These dyes were chosen because they

have different charges, as can be noticed by the chemical structure in the right-hand side
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of Fig. 5-6. NBA is a cation, DCM is neutral and CR is an anion and they would have
very different affinities for the Ag-NPs surface.
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Figure 5- 5 A) SERS of R6G at different concentrations obtained from a 5 deposition
made Ag NPs-MOFT. The baseline was subtracted and the spectra were offset for clarity;
B) (black squares) a signal-dose curve for R6G in water using the band (peak area) at
1508 cm™; (red line) fitting of a Langmuir-Freundlich isotherm curve to the experimental

points, used to obtain the LOD for the Ag NPs-MOFT device.
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The SERS spectra shown in Fig. 5-6 confirm that the NPs-MOFT device is able to

detect molecules with very different chemical structures at a concentration as low as |
1M, also without the needs of additional reagents, but with comparable sensitivities to
literature reports '°. In the NBA case, the HeNe laser line is inside the absorption band of
the analyte, and presents an additional enhancement due to resonance Raman,
characteristics of the surface-enhanced resonance Raman scattering (SERRS) effect. Due
to this additional enhancement, the SERS intensity for the 1 uM NBA solution is higher
than for the other dyes. It is also worth noticing that the well known silica interference,
with a maximum at 460 cm™ (marked with an asterisk in Fig. 5-6A) is much weaker than
the NBA band at 593 cm™.

5.4 Conclusions

This work presented the construction and optimization of the NPs-MOFT device for
SERS detection of several analytes. The optimization procedure showed that the highest
SERS intensity can be obtained after 5 depositions of 50 nm Ag-NPs by a sol-gel
procedure on the tip of the optical fiber. Using the optimized 5-layer Ag-NPs modified
device it was possible to detect 200 nM of the R6G dye, and it is also possible to detect
molecules with different net charge at the micro-molar concentration limit, including
anions, cations and neutral molecules. '

The results showed a flexible remote SERS sensor with a very high sensitivity.
Although there is some issue with the long time stability when expose to solvents, this
problem does not hinder the usage of the device when stored in air. The AgNPs-MOFT
device can be used as a single-use remote sensing element, since it is easy to fabricate
and provide good sample to sample reproducibility. It can be envisioned that this kind of

device could also be used as a SERS-based biosensor.
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5.6 Supporting information

Multilayer Silver Nanoparticles Modified Optical Fiber Tip for High Performance
SERS Remote Sensing

Figure 5-S 1 SEM images at different magnifications of the 5 Ag NPs deposition modified
fiber tip.
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5-S2. Langmuir-Freundlich fitting to the SERS intensity versus [R6G]| curve

and LOD determination.

The calibration curve presented in Figure 5B was fitted by a Langmuir-Freundlich

isotherm:

C(l_a) c(l"a) l

= -
r rmax Krmax

Where ¢ is the [R6G], I is the SERS intensity, K is the equilibrium constant for the
adsorption of R6G and [y is the maximum SERS intensity expected for this system, a
is a value dependent on the nature of the R6G-Ag interactions.

From the Langmuir-Freundlich isotherm, by plotting ¢""/I" versus ¢

we get a
straight line equation relating the SERS intensity with the R6G concentration. The best
fitting we gor for the data in Figure 5 is: ¢'"[1/1'-4,949x10)] = 6.396x10"".

From these values, the following values for K and 'y, were obtained:

K =7.7x10° M"

i = 2.0x10° M

The value for 'y obtained by Hildebrandt and Stockburger fitting SERRS data for
R6G on AgNPs by a Langmuir isotherm was 1x10° M ', which is in good agreement with
our results.

The values for K obtained in the present work, on the other hand, is between the two
values obtained by the authors of the previous work ' for a non-aggregated colloid, K =
4x10* M, but for a CI" aggregated colloid the author obtained K = 5.5x10° M'. The
much higher value for the equilibrium constant can be easily assigned to the creation of a
greater number of SERS active sites with the aggregation using CI". The K obtained in the
present work is an intermediate value, indicating the substrate obtained has a high
number of hot spots, but not as high as for AgNP aggregated by CI" in suspension.

The LOD was determined by the intensity measurement of eight blank samples, and

. 2
determined as ~:
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XL = Xblank 5 + K*SDptank

where: x;_is the minimum intensity that can be measured with this device, Xpjank"

is the average of (in our case) 8 measurements of the maximum range of intensity

measured in the region of the R6G band, and SDyuk is the standard deviation for the

blank measurements, and k is the numerical factor at given confidence level (assumed as
0.95).

After measuring the minimum intensity that can be measured, we determined the

LOD for R6G as 3 nM.
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Chapter 6: Silver nanoparticles on a plastic platform for bio-sensing

This chapter is a manuscript submitted. Matthew Thompson and Maria Luiza Andrade

performed some of the absorption tests.

A cost-effective fabrication method for the preparation of localized SPR biosensors
supported on plastics is described. The silver-nanoparticles-on-plastic sensor was
fabricated by chemically modifying the surface of one of the most common plastics,
polyethylene terephthalate, which then allows the efficient immobilization of Ag NPs.
The localized SPR of the silver-nanoparticles-on-plastic sensor strip showed good sample
to sample reproducibility and a moderate response to bulk refractive indices changes
(~150 nm/RIU (refractive index unit)). The analytical performance of the sensor strip for
monitoring both thiol and protein adsorption, including bio-affinity, was examined. The
limit of quantification to the adsorption of the sample thiol molecule 11-
mercaptoundecanoic acid was 500 nM and for the detection of streptavidin was ~9.5 nM.
The capability of using the as developed sensor strip to monitor protein-protein
interactions was shown by immobilizing anti-human IgG at the sensor surface and
detecting the binding of human IgG. The silver-nanoparticles-on-plastic sensor can then

be used as a cheap, versatile, and yet sensitive localized SPR biosensor.
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6.1 Introduction

Localized surface Plasmon resonance (LSPR) spectroscopy has attracted lots of
attention from the bioanalytical community.” It is believed that LSPR offers similar
merits as the conventional propagating SPR in smooth metal films for chemical sensing,
but with some important advantages. For instance, LSPR sensors are more suitable to
integrate into microchips; they can operate in either transmission or reflection
geometries; they provide faster response time; and they have much better spatial
resolution.”® Moreover, the LSPR wavelength can be tuned throughout the visible and
near infrared region by a judicious choice of size, shape and material, providing extra
flexibility for sensor designing and sometimes higher sensitivity as well * 710

Suspensions of metallic nanoparticles (MNPs), especially Au NPs, have been used to
detect DNA hybridization''"" and in immunoassays.'* '* The former takes advantages of
the significant color change induced by LSPR coupling (through small range inter-
particle interaction), and the latter is related to the LSPR wavelength shift caused by the
change in local RI at the surface due to the adsorption of biomolecules. This is the same
principle that forms the basis of the conventional propagating SPR sensor.

However, chemical analysis using MNPs suspended in a liquid phase suffers from
the inherent stability issues related to the colloidal system. The experimental conditions
have to be carefully controlled. Furthermore, the approach is not suitable for high
throughput analysis,'® as is the case for MNPs immobilized on a solid support. RGNS
Many groups have vastly contributed to the development of LSPR sensors in planar

1, 7, 19-22

substrates. For instance, Van Duyne group used nanosphere lithography

technique to fabricate periodic Ag NPs arrays to detect biomarkers of Alzheimer’s
disease. Core-shell structured NPs layer, ***** fabricated by thermal evaporation, has the
capability of monitoring both antibody-antigen reaction and DNA hybridization, and it is

suitable for high throughput multi-analytes assays.® LSPR sensor chips on glass
p p g

25-29

fabricated through wet chemistry method have also been reported'® '% 1% and used for

4, 10, 16 antigen-antibody interactions,'® and

10, 28-29

monitoring biotin-streptavidin (SA) binding,
even detecting small molecules with high sensitivity.
Glass has been the most popular supporting material for LSPR sensors platforms.

Although glass is inexpensive, it is fragile, non flexible and relatively heavy. Efforts to
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develop alternative supporting substrate, such as paper,'”*" for LSPR based sensor have

been reported.

Polymeric materials, such as polyethylene terephthalate (PET), are transparent,
flexible, low weight, cheap and have very good mechanical strength. Biosensors
supported on polymer films have been widely reported in order to explore these attractive
properties.3 3% In the specific case of PET, it is a material that has been used as a
substrate for transparent flexible displays, organic electronic devices and biomedical
devices.”>?’ Recently, PET has been used as a substrate for nanofabrication,” protein
microarrays,” and glucose biosensors.”” Surprisingly, there is very limited efforts on
using PET as substrate to support LSPR-based sensors. Bauer et al" reported a DNA
hybridization analysis using Au NPs supported on PET films. The PET film was vacuum-
coated with aluminum followed by nitrocellulose-lacquer. After that, single stranded
DNA was immobilized on the nitrocellulose film and used to capture Au NPs modified
with complementary DNA strands. In that case, however, Au NPs were not immobilized
on the substrate as in typical LSPR -sensor platforms, and the procedure to modify the
PET surface was complex.

4143 1o self-assemble MNPs on different

Previously, we have reported on methods
solid support for SERS detection with very high sensitivity. Here, we expand on those
efforts by using PET as solid support for Ag NPs self-assembly. As shown in Scheme 6-
1, the PET surface was activated in a plasma oven and further modified with a diamine to
impart the required functionality for NPs immobilization. The resulting silver-
nanoparticles-on-plastic sensor (SNOPS) strips were simple to fabricate, presented good
sample-to-sample reproducibility and sensitive to biomolecule adsorption, and were low

cost.

6.2 Results and discussion

LSPR (bio-)sensors supported on planar platforms have inspired tremendous
interests.” > % 17214 The SNOPS sensor reported here resembles a “pH-paper strip™ that
can be used to detect the adsorption of biomolecules. The SNOPS strips are fabricated
through a wet chemistry self-assembly process using a common plastic, PET, as a solid

support. The plastic platform makes the sensor flexible, resistant to mechanical stress and
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it is inexpensive. The versatility of the SNOPS strips in chemical and biochemical

detection was shown. Procedures for surface chemistry modification of the SNOPS with
either amine or carboxylic acid functionality were developed. These chemical moieties
provided the starting point for further surface modification and protein immobilization.
As a proof of concept, the SNOPS sensing performance was examined by monitoring the
chemical adsorption of thiols and proteins, including the ability of the sensor to probe
protein-protein interactions, and biotin-streptavidin binding. In the following sections, the
optimization of the SNOPS strip fabrication, the procedures for surface modification and
biomolecule immobilization, and the proof-of-concept (bio)analytical applications are

discussed.
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Scheme 6- 1 Preparation of SNOPS strip for biosensing. Illustration of the surface

activation and modification (see text for details).
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6.2.1 Optimization of the Ag NPs immobilization on PET

The plasma activated PET film was incubated overnight in different concentrations
of methanolic solution of EDA before being immersed overnight in a Ag NPs dispersion
(see Scheme 6-1). The effect of 1,2-ethylenediamine (EDA) concentration on the load of
Ag NPs on PET surfaces is shown in Fig. 6-1a. The absorbance significantly changed up
to 30% (V:V) of EDA, and it stabilized after that. The error bars in Fig. 6-1a represent the
sample-to-sample (N=5) reproducibility and this relative standard deviation (RSD) in
absorbance is shown to be less than 10% after the concentration of EDA reaches 30%
(V:V). Considering these results, 40% (V:V) methanolic EDA solution were used in all
subsequent experiments. The effect of the immersion time of Ag NPs deposition was also
explored and it is illustrated in Fig. 6-1b. The absorbance of the film after just 2 hours of
incubation in Ag NPs solution was about 0.4, indicating that a significant amount of Ag
NPs were deposited. The amount of Ag NPs immobilized increased slightly up to 6 hours
of incubation, where an absorption plateau was reached. Interestingly, the relative
sample-to-sample standard deviation decreases with the incubation time. The position of
the LSPR peak is also plotted in Fig. 6-1b. The blue shift of the LSPR maximum
wavelength (Ama) With the Ag NPs deposition time is not unusual. Previous reports” 2!
have assigned this behavior to adsorbed electron donating species which increase the
electron density of the MNPs.” The Ag NPs strongly interacts with the amine modified
PET film leading to the blue shift in the LSPR peak observed in Fig. 6-1b. The LSPR
maximum wavelength stabilized after 6 hours, similarly to the observed for the
absorption.

The effect of the Ag NPs incubation time on the sensitivity of the SNOPS strip to
bulk refractive index (RI) changes was also examined. The results of the sensitivity to
LSPR wavelength shifts are listed in Table 6-1. A sensitivity of ~150 nm/RIU (refractive
index unit), independent of the deposition time, was obtained. This level of sensitivity is
comparable to earlier literature reports.”*” The results from Fig. 6-1 and Table 6-1
suggest that a minimum of 4 hours of incubation in Ag NPs dispersion is required to
achieve a reasonable sample-to-sample RSD% of the LSPR wavelength shifts. All the

chemical and biochemical sensing experiments reported here were performed using
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SNOPS strips prepared with 40% (V:V) EDA methanolic solutions and 6-hours of

incubation in Ag NPs.
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Figure 6- 1 Optimization of the Ag NPs immobilization on PET strips. a) Effect of the
EDA concentration; b) effect of the incubation time in Ag NPs solution (with 40% of
EDA in methanol (V:V)). The error bars are the sample-to-sample standard deviation

(N=5). The lines in the graphs are only connecting the experimental points.
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Table 6- 1 Sensitivities of SNOPS strips fabricated with different incubation times in Ag

NPs dispersion.*

Ag NPs X

Sensitivity R”
incubation time

2-hour 146.6 0.9956

4-hour 146.1 0.9852

6-hour 135.3 0.9939

8-hour 154.3 0.9964

10-hour 152.5 0.9933

*The LSPR wavelength was measured for strips immersed in glucose solutions of

different concentrations. Fitting equation: y = Bx+ A4, where x is the RI, y is the LSPR

peak position, and B is the sensitivity. The sensitivities are in nm/RIU (bulk).

6.2.3 Monitoring the adsorption of thiol containing molecules

The SNOPS strip was first tested for the detection of a long chain thiol. Fig. 6-2
shows the response of the LSPR shift of an optimized strip with the concentration of 11-
mercaptoundecanoic acid (MUA). The SNOPS strip presented good response to the
presence of MUA, in terms of changes in both the LSPR full-width at half maximum —
FWHM (Fig. 6-2a) and peak position (Fig. 6-2b), until a plateau is reached after 500 uM
of MUA. The dependence of the LSPR FWHM with the MUA concentration for diluted
ethanoic solutions is shown as an inset in Fig. 6-2a. A linear response was observed in the
limit of low MUA concentrations (between 500nM to 6 puM), which is one order of
magnitude lower than reported for Ag nanosensors fabricated by electron beam

lithography.*™ It is known that the shape of the LSPR envelope depends on the degree of
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aggregation,” especially the bandwidth (in terms of FWHM). Thus, our results point

towards strong morphological changes at the sensor strip surface upon the binding of
MUA. These changes are related to the aggregation of the NPs driven by the MUA
adsorption. The large changes in the optical properties of the strips due to aggregation
contribute to the higher sensitivity for MUA detection, relative to the literature, observed
in this report. Similar results were observed in Fig. 6-2b for the LSPR wavelength shift.
The colour changes due to the MUA adsorption could be verified by visual inspection for
concentrations in the micromolar range, as illustrated in the inset of Fig. 6-2b. This type
of “detection™ is akin to the colour changes observed using “pH-papers”, and might
provide a new opportunity for inexpensive LSPR-based strips (like SNOPS) to be used as

disposable biosensors.

6.2.4 Monitoring protein adsorption.

The selectivity of a LSPR sensor is enabled by the immobilization of molecules on
the metallic surface that target specific biological relevant species from solutions. The
SNOPS strip must then be modified by different functional groups and proteins for
biosensing. As discussed above; however, the presence of strong binding functional
group, such as thiols, induces the Ag NPs to aggregate. The modification of the surface of
the SNOPS strips was realized by carefully choosing amine-containing surface
modification reagents to achieve a good degree of stability and reproducibility without

strong aggregation.
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Figure 6- 2 SNOPS strip response to the presence of MUA. The strips were incubated in
MUA solutions of various concentrations for 2 hours before measurements: a) changes in
FWHM of the LSPR peak; b) LSPR peak shift with increasing MUA concentration in
ethanol. Inset in @ shows the zoom-in of the FWHM change at low MUA concentration.
The zero MUA concentration in the inset was obtained by incubate 3 SNOPS strips in
pure ethanol for the 2 hours. The inset in 5 shows the image of the SNOPS strip after
exposed to MUA at different concentrations (left to right: 0, 1uM, 5uM, 10uM, 100uM,

and 10 mM). Images were taken in air.
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Scheme 6- 2 Surface modification steps for protein immobilization on a SNOPS strip.

The surface modification procedure, described in Scheme 6-2, was tested using a
model protein, Acetylcholinesterase (AchE), on multiple SNOPS strips. The sequential
steps leading to the protein immobilization was followed by measuring the LSPR peak
shifts of the strips and the results are shown in Fig. 6-3. The LSPR peak shift following
the adsorption of 3-aminopropionic acid (APA) was rather small (~0.5 nm), despite the
fact that this species binds directly to the surface of the Ag NPs, in a region where the
local electromagnetic field is expected to be strongest.”” ** This small shift can be
rationalized by taking into account the size of the molecule and the binding group. APA
is a relatively small molecule (MW = 89 a.m.u.) and the perturbation of local RI due to its
adsorption is expected to also be small. Another contribution to the small shift is that
APA binds to the silver surface through its amino group. It is known that amine is an
electron donating specie and the adsorption of amino-containing species to MNPs can
cause the LSPR to blue shift.” " ?' This effect was corroborated in the next step of
surface modification, the coupling of N-hydroxysuccinimide (NHS), which led to a

further ~ 2.5 nm redshift, despite the fact that this molecule would be away from the
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surface of the Ag NPs (hence experiencing weaker SP field than APA) and has

comparable size (MW = 115 a.m.u.) to APA. The largest LSPR peak shift observed in
Fig. 6-3 is caused by the adsorption of protein AchE. A shift of ~6.5 nm (after APA
modification) was observed (notice that the binding of the protein replaces the NHS
group, see Scheme 6-2) in this case. More importantly, a percent relative standard
deviation of only 4% was observed by considering the LSPR peak shifts from all the
different SNOPS strips measured (5 samples), indicating a good degree of sample-to-

sample reproducibility for the SNOPS strips.

8
64 d
E 44 -
g
é.l
24 4
04 el

APA EDC AchE

Figure 6- 3 LSPR peak shift due to surface modifications (relative to unmodified Ag
NPs). Error bar shows the sample-to-sample standard deviation from 5 SNOPS strips.
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Figure 6- 4 a) LSPR spectra of SNOPS strips after different stages of surface
modification; b) shift of LSPR peak relative to unmodified Ag NPs.
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6.2.5 Monitoring protein-protein adsorption

In the above section, the SNOPS strips were used to monitor the immobilization of a
model protein with good sample-to-sample reproducibility. In this section, we further
explored the capabilities of the SNOPS strip by monitoring protein — protein interactions.

The surface modification steps were the same as in above section, described in
Scheme 6-2, where APA was immobilized first and then followed by activation with
EDC/NHS. The normalized LSPR spectra after each adsorption step are shown in Fig. 6-
4a. The binding of APA shows small shift, as discussed for Fig. 6-3. After incubation of
the NHS terminated SNOPS strip with Anti-human lambda light chain antibody from
rabbit (RAHIgG), a ~4.5 nm further shift was observed. Finally, the binding of human
IgG antibody (HIgG) onto RAHIgG provoked a further shift of ~2 nm (relative to RAH
IgG) (Fig. 6-4b). The relative smaller shift of the second protein, HIgG, is expected, since
the LSPR field penetration depth is about 20 nm and decays exponentially away from the
surface.” ** * The LSPR decay length is then comparable to the size of a typical IgG
protein molecule (about 10 nm).”’ The binding of the second protein, HIgG, cannot cause
a LSPR shift as large as the first one because it will experience a weaker LSPR field
away from the surface (Fig. 6-4b). Nevertheless, the LSPR shift due to HIgG was still
clearly detectable, indicating the potential application for the sensor strip in monitoring

protein-protein interactions.

6.2.6 Protein immobilization through amino groups and the limit of quantification
for streptavidin (SA) detection

The first step of the procedure for modification of the Ag surface with proteins
presented in the above two sections was to introduce carboxyl functionality to the silver
surface (Scheme 6-2). However, other strategies for protein detection are based on
supported amino functional group on the sensor surface.”® As a proof of concept, here
biotin was immobilized on the SNOPS strips using APTMS sol gel to produce an amino-
functionalized surface. The LSPR peak shifts following each step of the surface
modification is presented in Fig. 6-5a. The treatment of the SNOPS strip with APTMS
sol gel yielded a shift of ~2 nm. APTMS sol gel, similarly to MPTMS sol gel,*'isa

cross-linked silane “polymer” with large molecular weight, which explains the larger
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shift compared to APA. The binding of biotin further shifts the LSPR position by ~1 nm.

Finally, after binding of SA (50 pg.mL"), an additional shift of ~4 nm was observed (Fig.
6-5a). Fig. 6-5b presents a calibration curve for the detection of SA in solution using the
SNOPS strips. The sensor presented a linear response in the SA concentration range
between 9.5 nM to 189.4 nM, and the limit of determination (LOD) for SA was estimated
as 3.5 nM (0.19 pg.mL™).
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Figure 6- 5 Monitoring the biotin-streptavidin binding. a) LSPR peak shift after each
surface modification step (relative to unmodified Ag NPs); b) calibration curve for

detection of streptavidin in solution at different concentrations. LOD (25)=0.19 pg.mL".
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6.3 Conclusion

In this work, we developed a cheap, flexible, reproducible and sensitive LSPR
sensor platform. The sensor platform is fabricated by using chemically modified PET
film as supporting material. Ag NPs were self-assembled on the PET strip to provide
LSPR sensing capabilities. At optimized condition, the SNOPS strips showed a
sensitivity of ~150 nm/RIU for bulk refractive index changes. The SNOPS strip is very
sensitive to the adsorption of thiol containing molecules. We found that as low as 500 nM
of MUA can cause a detectable signal. Meanwhile, the SNOPS strips can also be used as
very versatile platform for monitoring protein-protein interactions and biotin-
(strept)avidin binding by simply changing the surface functionality. In the experiments
carried out for the detection of streptavidin, a LOD of 0.19 pg.mL‘| (~3.5 nM) was

observed.

6.4 Materials and methods
6.4.1 Materials.

Unless otherwise mentioned, ACS grade chemicals were used. AgNO3, sodium
citrate dihydrate, glucose, 3-aminospropyltrimethoxysilane (APTMS), 11-
Mercaptoundecanoic acid (MUA), 1,2-ethylenediamine (EDA), 3-aminopropionic acid
(APA), N-hydroxysuccinimide (NHS), N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC), (+)-biotin N-hydroxysuccinimide ester (Biotin),
Streptavidin (SA) from Streptomyces avidinii, human IgG (HIgG, lambda light chain
from human mycloma plasma), Anti-human lambda light chain antibody from rabbit
(RAH-IgG), and Acetylcholinesterase (AchE) from Electrophorus electricus are all from
Sigma-Aldrich. PET films were the regular overhead transparency from BASICS office
products LTD, Cambridge, Ontario. Before use, the PET sheets were cut into 9x40 mm
strips. Ultrapure water with a resistivity of 18.2 MQ.cm (from Barnstead NANOpure

Diamond water purification system) was used in all experiments.

6.4.2 Synthesis of Ag NPs and MPTMS sol-gel.

The preparation of Ag NPs followed the procedure reported in the literature.”

Briefly, a 500 mL AgNO; solution (5.29x 10 M) was brought to boiling under vigorous
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stirring. Then, 10 mL of 1% sodium citrate solution was quickly added. The heating and

stirring were kept for an hour and then only with stirring until the solution cool to room
temperature. The as prepared Ag NPs showed an absorption peak at ~399 nm. The
APTMS sol-gel preparation was following a sol-gel preparation method for 3-
mercaptopropyltrimethoxysilane.4" 3! Briefly, 400 puL of APTMS and 332 uL of 0.1M
HCI were added into 33 mL of water. The solution was vigorously stirred for at least 1

hour. The sol-gel solution shall be used the same day.

6.4.3 SNOPS strip fabrication (Scheme 6-1).

The PET film was cut into 9x40 mm strips, sonicated in MeOH for Smin, and then
mounted onto a custom made Teflon holder after dried with flowing N». Then, the strips
were left in a plasma oven (Harrick Scientific Corp, Ossinng, New York) at high radio
frequency for 20 min to activate the surface. Later, the strips were immersed overnight
into EDA methanolic solution. After that, the strips were removed from the solution and
sonicated in methanol and water for 3 min, respectively. Finally, the strips were rinsed
with copious amount of water, and then soaked in Ag NPs solution for a desired amount
of time. The Ag NPs modified PET strips then were rinsed with water to eliminate
loosely bound Ag NPs and stored in water for future use. The SNOPS strips stored in this

way were good for at least 3 weeks.

6.4.4 Surface chemical modification and binding test (Scheme 6-1).

In order to obtain carboxyl functionality on the surface, the SNOPS strips were
immersed in 2 mM APA aqueous solution for 5 hours. After rinsing with water, the
carboxyl group was activated through EDC/NHS procedure (2 hours) before test its
capability of binding proteins. Two experiments were carried out after this step. We
firstly tested the reproducibility of the SNOPS strips for monitoring the protein
adsorption. As shown in Scheme 6-2, the EDC/NHS activated sensor strips were
incubated in AchE (50 pg.mL™") overnight. Then they were rinsed thoroughly with PBS
buffer before absorption measurements. The second experiment is to examine the protein-
protein interaction. Firstly, the EDC/NHS activated strips were incubated in RAH-IgG
(60 pg.mL™") PBS buffer solution for 40 min. After rinsing with PBS buffer, the SNOPS
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strips were left in IgG (50 pg.mL") PBS buffer solution for another 40 min. PBS buffer

was used to rinse off the non-binding HlgG.

In order to modify the Ag NPs surface with amine functionality, the SNOPS strips
were left in APTMS sol gel for 20 min (Scheme 6-1). After rinsing with water then PBS
buffer (pH 7.4), the amine activated sensor strips were incubated in Biotin DMSO
solution (4 mg.mL™") for 1 hour followed by rinsing with water.”” To bind SA, the strips
were left in SA PBS buffer solution for 30 min. After rinse with PBS buffer, the SA

bound SNOPS strips were stored in PBS buffer again before absorption measurement.

6.4.5 Absorbance measurements.

A Cary 50 UV-vis spectrometer was used to record the absorption spectrum. The
SNOPS strips were immersed in a quartz cuvette filled with glucose solutions of different
concentrations to measure the sensor response to bulk RI changes (the RIs were measured
using Pocket Refractiometer (ATAGO CO., Ltd). Water was used for all the remaining

measurements.
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Chapter 7: Summary and conclusions

This chapter contains the summary and conclusion of this thesis. An outlook and

future directions for this work is briefly discussed.
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7.1 Thesis summary

In this work, the application of MNPs assembly in surface enhanced vibrational
spectroscopy and LSPR sensing has been examined.

We first started with the self-assembly of Au NPs on gold electrode as (in situ)
surface enhanced vibrational spectroscopy substrates. It was found that after 9 Au NPs
depositions the SERS signal reached a maximum. The maximum SERS was ~2 orders of
magnitude higher than the intensity observed after one Au NPs deposition. A very
important observation was that the sample-to-sample reproducibility also increased with
the number of Au NPs deposition. However, this was not the case for surface enhanced
PM-IRRAS measurements. This is because higher number of depositions leads to rougher
surfaces, which scrambles the polarization of the incident light beam. This polarization
scrambling effect makes the absorption difference for surface species between the two
orthogonal polarized beams disappear (equation 1.18). The optimum deposition number
of Au NPs for PM-IRRAS measurement was found to be just one. We further tested the
stability of the substrate in electrochemical environment and found a potential window
from -800 mV to +200 mV versus Ag|AgClL.

Then, a procedure for the self-assembly of Ag NPs on glass substrate was developed
using APTMS sol gel. SERS imaging reveals that, similar to Au NPs on gold electrode,
both the SERS signal and reproducibility improved with the number of depositions. In
this case, the SERS signal was 3 to 4 orders of magnitude larger than observed from a
single Ag NPs self-assembly, at optimum conditions. The spatial variation of the SERS
signal also decreased with increasing deposition number, and reached less than 20% at
optimum conditions. Using this glass substrate, a near single molecule level sensitivity
was achieved for NBA as a sample analyte.

After developing new SERS substrates by self assembly of MNPs on metals (Au)
and on dielectrics (glass), we moved towards the application of those procedures in
solving analytical and electrochemical problems.

The multi-“layers” Au NPs structure was used to construct a model biofuel cell
anode on a Au electrode. The biofuel cell anode consisted three molecular layers, and
each of them was characterized by SERS. This was the first example of application of the
SERS technique in the biofuel cell field. Also, that work showed that, although SERS is
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normally considered a powerful characterization method for molecules that directly

adsorbed on a roughened metal surface, it is possible to apply the technique to exam a
layer-by-layer adsorbates structure.

The methodology developed for the deposition of Ag NPs on glass was applied for
their immobilization on fiber optic tips. The Ag NPs-MOFT device, reported in this
thesis, is an unique example in the literature, since it combines high sensitivity and
reproducibility for remote sensing. For example, the device can detect Rh6G in aqueous
solution at 200 nM level without the addition of any extra reagents or NPs. It is also
capable of detecting analytes with different structures and charges at high sensitivity in
remote sensing mode.

Finally, the procedure for assembling Ag NPs was used to develop a LSPR sensor.
The solid support was a common plastic, PET. The PET surface was activated with amine
functionalities, and Ag NPs were successively immobilized. Optimization of the self-
assembly of Ag NPs was done to achieve better reproducibility. The sensor strips,
SNOPSs, were tested for their analytical performance. The response to bulk RI change
was found to be ~ 150 nm/ RIU. The application for biosensing was proved by using
streptavidin as sample analytes, and a LOD of 3.5 nM was achieved. We also showed that
the SNOPS can be used to monitor protein-protein interaction, which shows that the
SNOPS sensor is highly versatile in terms of applications.

The main contributions of this work can then be summarized as following:

New methods based on the “layer-by-layer” self-assembly of MNPs were developed
for the fabrication of SERS substrates. We found that both the enhancement efficiency
and reproducibility/sample-sample variation could be greatly improved using this
method. Near single molecule SERS detection was achieved using substrates built by this
procedure. In another application, a biofuel cell anode, consisting multi-layers of
adsorbates, was successfully characterized. This may expand the SERS technique in the
biofuel cell and biosensor research area. The Ag NPs-MOFT sensor constructed using
this method, showed both high sensitivity and small RSD% in remote sensing.

The concept of using plastics, such as PET, as solid support for fabricating LSPR
sensors, was introduced. MNPs on PET is cheap, easy to fabricate, and can be used in

several bioanalytical applications.
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7.2 Outlook

7.2.1. SERS substrate development

It is expected that “layer-by-layer” SERS substrates will gain wide applications in

the future. This can be interpreted in the following directions:

1.

The Au NPs on Au structures can be expanded into biofuel cell/biosensor
development, where it can serve as one powerful quality control tool, other than
AFM' and scanning electrochemical microscopy.”

The Ag NPs on glass may be used in real sample analysis. The procedure can be
easily scaled up and; hence, the production of “standard” SERS substrates in
industrial scale is possible. Since the substrate is very sensitive and reproducible,
quantitative analysis using such kind of structure for real environmental samples
is plausible.

The Ag NPs-MOFT device is among one of the most sensitive SERS remote
sensors reported, and showed response to analytes with different structures and

charges. These properties make it ideal candidate to be used both in

.environmental analysis and biomedical diagnostics. In fact, a project to develop a

SERS endoscopic probe based on this work is underway.

7.2.2 LSPR sensor

For the LSPR sensor developed, it can be envisioned that a pH stick type medical

diagnostic device can be developed based on the method proposed in this work. Same as

the SERS sensor, the SNOPS sensor is cheap and easy to fabricate, and the surface

functionalization is very adaptable. The readout for this type of sensor is absorbance,,

which is very mature technique and can be miniaturized. It would be possible to use

such kind of sensors in, for example, the sugar monitoring for patients with diabetes, or

diagnosing pregnancy.

It is also possible to integrate this LSPR sensor into microfluidics, enabling lab-on-

chip devices for biomedical applications. This is being carried out in our lab.



160
7.2.3 Problems to be solved

There are still a few points to be solved before a SERS substrate based on the work
developed in this thesis could be used commercially. For example, in case of Au NPs on
electrode, the potential window is limited. Meanwhile, in all the sensors developed, the
long term stability (shelf life in months) still needs to be addressed. For the Ag NPs-
MOFT device, it was verified that the stability in organic solvent is poor. This is related
with the linker molecule used. To make it adaptable to samples contains organic solvent,

new fabrication method has to be considered.
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