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Abstract

Plasmonics is a field concerned with controlling and detecting the surface plasmon
polaritons by understanding plasmonic effects which are caused by interacting
electromagnetic field and free electrons of metal at the interfaces of conductive medium
or in nano-scaled metallic nanostructures.

Plasmon resonance generates an electric field enhancement around the metallic
nanostructures, which leads to exhibit interesting and useful characteristics to be
potentially applied for extremely sensitive molecular sensors.

In order to present an overall picture about the progress in the field of
plasmonics, a general introduction about plasmonics concepts, and an overview of
fabrication methods for plasmonic nanostructures, optical properties, and applications of

surface enhanced spectroscopy are given in chapter 1.

Chapter 2 and chapter 3 focus on the plasmonic substrates to get large
enhancement in SERS for biomedical sensing applications. In chapter 2, we will discuss
about plasmonic coupling with gold nanoring and gold film which is underneath the
gold nanoring. For applying biomedical sensing, it’s quite important to tune the
resonance wavelength in near infrared region to avoid interacting the electric field with
bio-related molecules. In chapter 3, we will discuss plasmonic interaction between
propagating and localized surface plasmon polaritons to tune the resonance wavelength

positon toward getting large enhancement.



Chapter 4 describes the plasmonic substrate development toward in vivo biosensor.
To implant SERS substrates, there are some problems, because plasmonic substrates
suffer from robustness to external forces, i.e., the release of gold nanostructures from
the SiO-based support due to external forces, including laser irradiation under aqueous
conditions. And biocompatibility of plasmonic substrates is also important. In this
chapter, we will focus on enhancing the robustness of plasmonic substrates and its

biocompatibility.

Chapter 5 focuses on the application of SEF to gain the extremely low limit of
detection of fluorescence immunoassay targeted for influenza virus sensing in
residential environment sensing. To detect influenza virus in air needs extremely low
limit of detection. The characteristics of surface enhanced fluorescence require
suppression of non-specific adsorption of the fluorescence probe to the plasmonic
structure for high signal-to-noise ratio detection. Moreover the instability of antibody is
crucial problem for applying for residential environment because residential
environment is severe situation such as temperature, light, humidity, and cost of
antibody. So we employed VHH antibody which holds great advantages in terms of
large-scale production, ease of genetic modification, and resilience to organic solvents
and temperature. We demonstrate successful suppression of non-specific adsorption of

the fluorescence probe for high signal-to-noise ratio detection.

il



Finally, in Chapter 6, the results of this thesis are summarized and presented
brief outlook for further study of application of surface enhanced spectroscopy for a

biomedical sensing applications.

il



Table of Contents

Chapter 1 General INTrOdUCION .......eeeevieeiiieeciie ettt e e 1
L-1  PIASIMIONICS ..ottt sttt sttt 1
1-1-1  Propagating and Localized surface plasmons..........cccccecveeeeverenreesnveeennien. 4

1-2  Surface Enhanced SpectroSCOPY.....ccveriiirririiiiiiieiiiesiee ettt e 13
1-2-1 Surface Enhanced Raman SpectroSCOPY.......covvrvvuierieeiieerieeiieeniieeieesereevens 13
1-2-2 Surface Enhanced FIUOTESCENCE .........cccueeiiiiiiiiiiiiiiiiiieieecee e 18

1-3  Applications of plasmonics and surface enhanced spectroscopy and its

underlying teChnOlOZIES. ......cc.eiiiiiiiiiiieie e 23
1-3-1 Surface functionalization ............cccceeieiiiiiiiinieneeeeee 23
1-3-2 IMMUNOASSAY .eeevveeiiiieeiie et e e s 26
1-3-3 SPR DIOSEIISOT ....ieiieeiiieeiie ettt ettt ettt ettt et e saee s e seeeenneens 28
1-3-4  LSPR DIOSENSOT ...cuviiiiiiiiiiiiieiienite ettt ettt st 30
1-3-5 Surface-Enhanced Raman Spectroscopy .......ccceeeeveeeecieeeniieenieeseieeenne, 33
1-3-6 Surface enhanced flUOTESCENCE ........ccvveviriiriieiiiienicecceee, 36

1-4  Electromagnetic SIMulation ..........cccueieiiieeiiieniieeeiie e ceiee e e e 40



1-5  Aim and outline of thiS theSIS ..ccoeeeeeeeeeeeee oo 41

Chapter 2 Plasmonic interaction between gold nanostructure and gold film for large
enhancement Of SERS ... 44
2-1  INErOAUCTION ...ttt ettt ettt e st et esaaeene 44
2-2  Materials and Methods..........ooveviiiiiriiriiie e 45
2-3  Results and diSCUSSION .......cocuerieriieiiiierieeieeeeete e 50
2-4  CONCIUSION ...ttt ettt ettt et e st e enbeesnaeenneen 56
Chapter 3 Plasmonic interaction between propagating and localized surface
plasmon resonance in water for biomedical and environmental applications................ 58
3-1  INtrOAUCLION ettt ettt et 58
3-2  Materials, experimental and simulation methods ..........ccccceceeveriiniincnicnnenne. 60
3-3  Results and diSCUSSION ......ccuiiiuiiiiieiieiieeiieete ettt 62
3-4  CONCIUSION ..ottt ettt st e bt sabe e s e et 70
Chapter 4 SERS substrates for in vivo application .............cecevceevenieneenenienennnens 71
4-1  INEPOAUCTIONS ..ottt ettt sttt sb e 71
4-2  Materials and methods..........ooiiuiiiiiiiiiiii e 73
4-3  Results and diSCUSSION .....c..eeuiriiiriiiiiniieiectent ettt 79



A-Q CONCIUSIONS ettt ettt eeeeeeeeeeeeeeesenenesenenenenennnnnnnns 83

Chapter 5 Immuno-based virus sensing using surface enhanced fluorescence ...... 84
5-T  INErOAUCHION ..ottt ettt ettt st sbe e et esieeeanee s 84
5-2 Materials and methods..........coceeiiiiiiiiiiiieeee e 87
5-3  Results and diSCUSSION .......ccueeruiriiriiriieieeiteeee e 95
5-4  CONCIUSIONS ...eoutiiiiieiiieiieesite ettt ettt ettt ettt e et e et e et e saeeenneenneas 105

Chapter 6 Conclusions and oUutlookK...........ccceevieeiierieiiiienieeeeree e, 107

Bibliography 111

LiSt Of PUDIICALIONS ....vvvieiiiieciie ettt et e e e e eneaeeenens 134
JOUINAL PAPETS....coiiiiiiiiiieciie ettt e e e e eeaneas 134
PatEnS. ... et 136
BOOK ..ttt st 136

ACKNOWIEAZEMENL ...ttt ettt 137

Vi



Chapter 1

Chapter 1

General introduction
1-1 Plasmonics

In recent decades, it has been revealed that metallic nanoparticles (NPs) possess a
number of unique properties by the progress of research in plasmonics. However, they
have a quite old history. Very notable example includes the Roman Lycurgus Cup,
which was created in the 4™ century. This glass cup contains silver-gold alloy
nanoparticles with 70 % of silver and 30 % of gold, and 10% copper additionally and
typically 50-100 nm in diameter.! The nanoparticles in the Roman Lycurgus Cup are
origin of localized plasmon resonance, which can be excited with visible light. When it
is illuminates from the outside, a green/yellow color are produced by reflecting the
specific wavelength of light from the outer surface due to the effect of surface plasmon.
But when a light source is inside of the cup, a red color is produced by being absorbed
by specific wavelength due to localized surface plasmon resonance.! This effect has
been also applied for fabrication of stained glass windows in historical church. But it
has become to know that plasmonic resonance could cause these effects in early

1900s.

In physics, the first experimental observation of collective electron oscillation
was found by Wood in the research of high sensitive detector, which reported in 1902.3

Wood discovered that “anomalous” dark band in reflection spectra of metal grating. In
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Fig. 1-1 The Lycurgus cup: green/yellow color (left) was produced when light reflects

from the outer surface and red (right) color was produced when it’s illuminated from

the inside (British Museum)
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the late of 1960’s, people came to know that this effect could be attributed to the
excitation of surface plasmons (Otto* and Kreschman®), the collective oscillation of free

electron in the metal.

In 1956, Pine proposed the term “plasmon” in his work.%” The definition of
plasmon is a quantum of plasma oscillation, which is caused by electric field of incident
light at the interface between noble metal and dielectrics or nanostructure of which size
is as same as the order of wavelength. For the behavior of light in a metal, the plasma
frequency of the metal is important parameter®. If the frequency of light is below the
plasma frequency, the electric field of the lights is screened by the electrons in the metal,
which causes the light reflection at the surface of the metal. On the other hand, if the
frequency of light is above the plasma frequency, because the response of electrons is
too slow to screen the incident light, so the light is transmitted in the metal. The plasma
frequency of the almost all of metals are in the ultraviolet (UV) region, so metals reflect
the light and look shiny in the visible range, of which appearance is a feature of “metal”.
Some metals which have distinct color such as gold or copper, specific wavelength are

absorbed due to electronic inter-band transitions in visible range.
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1-1-1 Propagating and Localized surface plasmons

Surface plasmon polariton

At a boundary of metal and dielectric, there is the solution of Maxwell’s equation
which shows propagation of plasmon. As plasmons are propagating on the metal surface
with a limited penetration depth into the metal, only the electron on the surface are
significant for the propagation of collective oscillation. This collective oscillation of
electron are named as surface plasmons polariton (SPPs). As depicted in Fig. 1-2, a
longitudinal surface charge density propagates on the surface as SPPs mode. To derive
the existence of SPs, we can start from Maxwell’s equations in an infinite medium in

the absence of source which are written below®;

(1.1)

where E is the electric field, D is the dielectric displacement, B is the magnetic
induction, H is the magnetic field. The dielectric displacement and magnetic induction
is expressed using the polarization P and magnetization M by constitutive relations in

electromagnetism,
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Fig. 1-2 Schematic illustration of the propagating surface plasmon on a metal-

dielectric interface.’
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D = goE + P
(1.2)
1
H=—B-M
Ho

where €9 and o are the electric permittivity and magnetic permeability of vacuum,
respectively. For the non-magnetic media, we don’t need to consider about
magnetization. Moreover, we only deal linear, isotropic media, the equation (1.2) can be

written,
D E, H 5
= gg,yE, =—
0 1o (1.3)

where ¢ is dielectric constant. Combining curl equation about electric field, magnetic

field in (1.1) and (1.2), we can get the wave equation

VXVXE= o°D 4
By simplifying (1.4)%,
02 £ 0°E 0
c2 9tz (1.5)

where c is the velocity of the light in vacuum, which is defined as

— (1.6)
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Then, we assume the propagating waves have a harmonic time dependence, E=E¢"'®' of

the electric field, then (1.5) can be written as;
VZ+koeE =0 (1.7)

where ko=w/c is the wave vector of the propagating wave in vacuum. Assuming the
geometry as fig. 1-2, with non-absorbing media which means ¢; is positive and real in
half space (z>0) and a dielectric function &(®) with Re[g1]<0 in half space (z<0). SPPs
exist only in transverse magnetic (TM) mode. By solving (1.7) in TM mode, we can
derive the dispersion relation of SPPs which propagates at the boundary of the non-

absorbing media and the conducting media by following the treatment by Maier,®

—k E1&7
B - &1 + &y (18)

The SPPs propagates with an in-plane wave vector § which defines the

dispersion relation in fig. 1-3. The wave vector 3 is positioned to the right region of the
light line in free space w/c, which implies that this SPP mode can’t directly excite by an
incident photon. By matching the wave vector of the incident wave and the propagating
SPP mode, the SPP mode can be excited by incident light. To fulfill this condition,

coupling mechanism can be needed.
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Localized surface plasmon resonances

In the case that surface plasmon is confined in a small volume (e.g. a NP or
nanostructure), it is termed as localized surface plasmons (LSPs). A schematic
illustration of LSPs is shown in fig.1-4, where the free electrons in Au NP are oscillated
by the electric field of incident light. This is the origin of the above-mentioned red color
of the Lycurgus cup and stained glass windows. The shape, size and density of the Au
NPs determine the properties of LSP, which are resonance position, intensity of LSP
resonances. The Au and silver (Ag) metals are especially important for the application
of LSPs because their LSP bands are situated in the visible or near infrared region due
to their dielectric function. For example, their aqueous suspensions display a strong LSP
band around 510 and 400nm, respectively'®. The analytical solutions of Maxwell’s
equations for metallic sphere was obtained by Mie in 1908.2 The electric field over the
nanoparticle is constant because retardation of the response is negligible, but the time
dependence of wave, the wavelength dependence of the dielectric function of the metal
&(w) and the constant or surrounding media &m are assumed. Under the condition of the

quasi-static approximation, the Laplace equation for the potential to be solved is®,
The electric field can be written as a divergence of the potential,

E=-ve (1.10)
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Fig. 1-3 The dispersion relation of an SPP, difference of the momentum mismatch

between the propagating light and SPP.°

Electric

|d sph
st Gold sphere

Fig. 1-4 Schematic illustration of localized surface plasmon resonance on gold

nanoparticles
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By taking into account the azimuthal symmetry of the problem depicted in Fig. 1-5, the

general solution of the (1.10) can be written below,'!
&(r,0) = Z[Alrl + Bir~U] P (cos 0) (1.11)
1=0

where Pi(cos0) are the 1™ order of Legendre Polynomials, and 0 the angle between the z-
axis and the position vector at point P as depicted in Fig.1-5. Considering the equation
(1.11) by separating the inner field of metallic sphere and scattering field with proper
boundary conditions, finally the solution for the potentials inside @i, and outside @ou of
the sphere can be obtained as®

3em
d. = —
m £+ 2e,

Eyrcos@ (1.12a)

e—smE 5 cos 6 1126
e+ 2¢, 04 T2 (1.12b)

@,y = —Egrcos +

The first term of right side in equation (1.12b) shows the applied electric field and
second term shows a radiation from the induced dipole by applied field. From the
denominator of (1.12b), if the Re[e(w)+2&em] reached a minimum, a resonant behavior is
expected to occur. For noble metals, the real part of the permittivity in visible or near

infrared region is negative. So the Frélich resonance condition is obtained;®
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Fig. 1-5 Illustration of a homogenous sphere placed into an electrostatic field
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e(w) = —2¢, (1.13)

When (1.13) is satisfied, the inner and outer electric field of the nanoparticle will be

resonantly enhanced, because the denominator of (1.12) reaches minimum.

As the plasmon resonance is collective oscillation of the free electron in the
metallic nanostructure, so the damping of the resonance depends on the imaginary part
of permittivity, because imaginary part of permittivity means resistance so the electron
oscillation damps due to its resistance. As the dielectric constant &y of the surrounding
medium is getting larger, the resonance position changes to longer wavelength. This
principle is often used in refractive index sensing which is often applied for biomedical
LSPR based sensor. As above mentioned, there will be a tremendous near-field electric
field enhancement of the incident wave, dipole radiation of the excited dipole in the
nanoparticle as shown in equation (1.12), which is also often applied biochemical LSPR

based sensor, surface enhanced spectroscopy.
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1-2 Surface Enhanced Spectroscopy

1-2-1 Surface Enhanced Raman Spectroscopy

Surface Enhanced Raman Spectroscopy (SERS) effect is about amplifying Raman
signals by several order of magnitude to detect single molecules.'> To understand
SERS effect, we need to know about Raman scattering at first, Raman effect was
discovered by C. V. Raman at 1928'3, and now, Raman spectroscopy has been used
as a useful characterization method for molecules. Raman spectroscopy has a
complementary relationship with infrared adsorption spectroscopy.'* Raman
scattering doesn’t require the energy matching of the incident light with the energy
between the ground state and excited states like infrared absorption spectroscopy. In
Raman scattering, by interacting incident light with the molecule, incident photon
distorts/polarizes the electron cloud around the atomic nucleus, which form a ‘virtual
state’ and the photon is quickly transited into ground state due to its instability and
radiate Raman scattering photon (Fig.1-16(A). This process is called Stokes
scattering (Fig.1-6(B)). In case that some molecules exist in an excited state due to
thermal energy, shown in Fig. 1-6(A), and the different scattering called anti-Stokes
scattering is occurred (Fig.1-6(B)). Typically, Raman scattering is very weak because

Raman cross-section of molecules is very small.

Historically, SERS was discovered in the 1974 by Fleischmann, who

investigated about Raman spectra of pyridine adsorbed on electro-chemical
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roughened electrode!” et al, which is considered as the first observation of the SERS
effect, and was originally explained by Jeanmaire and Van Duyne'® and Albrecht
and Creighton!” in 1977. Since then, SERS has largely been used by the scientists of
the condensed matter physics and chemical physics communities. The amplification
of the Raman scattering in SERS caused by surface plasmon resonance, which
produces large enhancement of the electromagnetic field of incident light. To get
profits from this phenomenon, the molecules which produce Raman scattering
typically should be adsorbed on the metal surface, or be placed in the proximity to
the surface of plasmonic structures, typically ~10 nm at maximum. The mechanisms
of SERS are considered as an effect from electromagnetic enhancement and chemical

enhancement’.

For the electromagnetic enhancement, electromagnetic field of incident light is
strongly enhanced by LSPR. The electric field generated Eioc on plasmonic
nanostructure surface by LSPR can be much larger than the incident field Einc. Eioc is
called local field. It is the macroscopic electric field felt by the molecule. The local

field Ejoc induces the Raman dipole’

PR = OR Eloc(COL) (114)

where ar is the Raman polarizability of the molecule, oy is the frequency of the
incident field. The equation (1.14) shows that the magnitude of a Raman dipole is

enhanced by the enhanced field Eioc by a factor of | Eioc(®L)|/| Ein¢|. If this Raman
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A Virtual 'y B
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Fig. 1-6 (A) Energy state diagram in Raman scattering. The line thickness is roughly
proportional to the signal intensity. (B) Stokes and anti-Stokes Raman scattering of [-

sulfur at 303K.'%
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dipole radiates in free-space, the intensity | pr |* is enhanced by a factor:

|ELoc(w)

Mpoc(wy) = —|Einc|2 (1.15)

This factor, which is called as the local field intensity enhancement factor’, is
originated from the enhancement of the Raman dipole emission by the incident electric
field enhancement due to plasmonic resonance. For an absorbing molecule which is
important for surface enhanced fluorescence, it is also associated with the absorption

enhancement, which will be discussed in the next section.

In SERS, we need to take into account the enhancement of Raman scattering
itself. The Raman dipole radiates in close proximity to the plasmonic metal structure
while SERS occurs. The radiation of Raman dipole is strongly affected by the
electromagnetic field modified by plasmonic nanostructure, in a similar way with the
incident field for Raman excitation. This phenomenon is called as modified spontaneous
emission.” The modified electromagnetic field affects the Raman scattering in the
radiation pattern and the total radiated power by the Raman dipole. Several factors such
as the nanostructure and detection setup, optical properties of molecule and
nanostructure, the dipole position and orientation, and its emission frequency wr’.
Overall, this leads to an enhancement by a factor of M&,,(wg) of the collected Raman
signal compared to Raman dipole in free-space. This radiative enhancement factor is
linked to the re-emission step in the Raman process. When we consider only these

electromagnetic enhancement mechanisms (excluded chemical enhancement) which



Chapter 1 17

means a local field enhancement for incident field enhancement and radiation
enhancement in Raman process, the SERS EM enhancement factor can be simply

written below:

EF = MLOC((‘)L)Mgad ((‘)R)
(1.16)

- IELoc(wL) IZ |ELoc((‘)R)|2
|E1nc|2 |E1nc|2

This equation has been extensively used and introduced as |E|*-approximation
although a more accurate description has been given by Kerker.!” This equation
provides a simple way to estimate the single molecule enhancement factor from an
electromagnetic field calculation at the excitation and Raman frequencies. And also this
expression implies that it’s important to match the LSPR resonance to the excitation

wavelength and Raman frequency to get the large enhancement factor.
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1-2-2 Surface Enhanced Fluorescence

The SERS enhancement mechanisms shown in the previous section, it is also
related to other processes such as fluorescence. The modification of fluorescence due to
electromagnetic modification due to surface plasmon resonance called surface enhanced
fluorescence (SEF) or metal enhanced fluorescence (MEF) , which is intensively being

researched.?®2°

Fluorescence is similar process to scattering. First, incident photon is interacted
with molecule, then absorption process occurs, then followed by fluorescence emission
process. So a similar enhancement mechanism with SERS are expected. For the
absorption process, absorption is affected by the incident field intensity as shown in the
previous section. And the emission should be expected to be associated with the
radiative enhancements. The absolute difference in SERS and SEF is that transition
process of excitation and relaxation is instantaneous process or not. Raman process is
instantaneous process and fluorescence is multi-step process shown in Fig.1-7’. For
enhancement of fluorescence, involved mechanisms are absorption enhancement by
local field enhancement by plasmon resonance and modification of the radiative and

non-radiative decay rates due to local enhanced field.

The optical power absorbed by a molecule at free-space can be expressed as
PM,ps=Gabsnmeoc|E[*/2, where Gabs| is absorption cross section, nuv is a refractive index of
medium, and nmeoc|E|*/2 means power density of incident field. At the field enhanced

situation due to LSPR, the local electric field [ELoc| is applied to the fully random
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Fig. 1-7 Simplified Jablonski diagram of the fluorescence process in a molecule.”
Incident photon of energy E excites an electron in a molecule from a ground state Sy to
a sub-level of the excited state S1. The excited electron in S relaxes a fast non-radiative

transition in the ground state of Si followed by a radiative transition to So, with

emission of a photon at energy Es < EJ.
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oriented molecules. Then, the absorption enhancement factor Mabs(r)=P abs/PMabs can

be written’:

Myps(wy) = Mpoc(wy) (1.18)

2
where M, ,. = |ELocl /| E, |2 which is same with the case of SERS. The field
Inc

enhancement due to LSPR, quantum yield is also affected by enhanced electromagnetic

field. The quantum yield in free-space is expressed as following:

M M
_ l—‘Rad _ l—‘Rad

M, M. +TM (1.19)

QM

where 37, is free-space radiative decay rate, [, = Tyl + Tk is total decay rate in
free-space, ['A% is intrinsic non-radiative decay rate. At the proximity to the metal
surface, as mentioned above, radiative decay rate is affected by LSPR in following two
effects: (1) the radiative decay rate [z, is enhanced by a factor of Mgy4: Traa =

MgqaqT 4, and (2) the non-radiative decay, which is another route corresponding to
absorbed emission into the metal with a non-radiative decay EM rate in addition to the
intrinsic non-radiative decay with I'}? ;, which is written as TEX = My ;. The

modified quantum yield is expressed as:

— 1—‘Rad
Traa + TEM + T (1.20)

Q
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By considering low of energy conservation, the relationship of enhancement factor is
expressed as M,y = Myg + Mpqq- The modified quantum yield for fluorescence

emission at frequency s is finally written by using equation (1.19) and (1.20)’,

— MRad (ws)
" Myor(wg) + (@)1 -1 (1.21)

Q

Quantum yield should be within range of 0 to 1 from the definition. This means
that if quantum yield in free-space is already close to 1, the enhancement can’t be

obtained.

By combining the absorption enhancement and quantum yield enhancement, we
can define the fluorescence enhancement. In this discussion, neglecting the Stokes shift.
in the excitation and emission frequency as normal fluorophore has the small. Ignoring
also saturation effect, the fluorescence cross-section can be defined as g,,sQ. The
fluorescence enhancement factor, My, is defined as the modified cross-section due to

plasmon resonance divided by the free-space cross-section, which is written as’:

_ TapsQ - M Mpaa
P T ol QM T T QM My, + (1 - QM)

(1.22)
From equation (1.22), to get large fluorescence enhancement, it’s important to

enlarge the local field enhancement factor mentioned in the first term. And for the

fluorophore emitting near-infrared fluorescence which is important for the biosensing
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application from the optically transparent point of view for the bio-related molecules,

the quantum yield is normally not good. So the third term is also important.
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1-3 Applications of plasmonics and surface enhanced

spectroscopy and its underlying technologies

As discussed in previous section, plasmonics and surface enhanced spectroscopy (SERS
and SEF) are quite high sensitivity to a change of environmental dielectric constant,
huge amplification of Raman scattering, fluorescence. In this section, we will overview
the technologies behind the biosensing application at first. Then we will review the

application of plasmonics, SERS and SEF, especially for biosensing applications.

1-3-1 Surface functionalization

To realize biosensing applications in plasmonics, it is critical to facilitate analyte
brought in the vicinity of plasmonic substrates in order to detect accurately and
sensitively. To realize this situation, it’s quite important to control the surface property
of plasmonic substrate. For this purpose, chemically surface functionalization is used to
control the surface property of plasmonic substrates. Plasmonic substrates are normally
fabricated by noble metal or silicone dioxide, which can be chemically functionalized
by using special chemicals which have special functional end group. Noble metal
surfaces show a high affinity for thiol end group,?’ while silicon dioxide and silicon
surfaces show a high affinity for silane end group.?® Both thiol and silane forms

monolayer by self-assembly on gold and silicone-based surface with quite high
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coverage. Typically, the SAM molecules consist of two functional end group and
alkane chain between two functional end groups. The long alkane chain gives them
densely packed monolayer due to Van Der-Waals bonds forming with neighboring
molecules. These compounds has a thiol or silane end group on one side for coupling
with a surface of plasmonic substrates, and can be chosen the other side for coupling
with desired molecules such as antibody, deoxyribonucleic acids (DNA). For example,
to couple antibody to a surface of plasmonic substrates, we can choose the carboxyl end
group to couple antibodies via 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide/ N-
Hydroxysuccinimide (EDC/NHS) chemistry depicted in Figl-8.> And also surface
hydrophobicity or hydrophilicity can be controlled by choosing the suitable end group.
For example, if the methyl end group is chosen as the other side of thiol or silane end
group, the surface shows hydrophobicity. If the hydroxyl end group is chosen, the
surface of plasmonic substrate shows hydrophilicity. The control of surface
hydrophilicity is also important to avoid non-specific adsorption of protein such as
antibody, analyte itself, which leads to rise background signal and make an assay

incorrect.>®
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EDC Hel-
o] Y +.CH,
N A~N
OH + Hsc/\N' CH3
CH, l
0
O  NHS
—(( NH Her
l 0= N+ HO-N
H,C 3

Fig. 1-8 Reaction mechanism of EDC/ NHS reaction. EDC attacks the carboxyl end group and
activates. Then NHS couples to carboxyl end group by substitution reaction with residue of EDC.
Furthermore, substitution reaction between primary amine on the molecule (e.g. antibody) and NHS

occurs and covalently coupled carboxyl end group and the molecule.
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1-3-2 Immunoassay

A biosensing is a process used to determine the concentration of a desired target analyte
in a sample (blood, urine, etc.). Immunoassays are defined by IUPAC (International
Union of Pure and Applied Chemistry) as ligand-binding assays making use of specific
antigens or antibodies to quantify a target analyte. As such, immunoassays derive their
unique properties from the characteristics of antibodies. Antibodies have an outstanding
specificity towards their antigen, which was discovered by Behring and Kitasato at
1890.%! This specificity arises from a small part of the antibody, called the variable
domain, which can recognize specific parts on the antigen.>' Furthermore, antibodies
have a high strength affinity towards an antigen. This strength mainly arises from the
conformational complexity which determines the proximity of the antibody-antigen
interaction. This interaction involves multiple non-covalent bonds, for example
hydrogen bonding between hydrophilic groups, electrostatic interactions between
oppositely charged ionic groups, van der Waals forces and hydrophobic interactions
between non-polar groups (Fig.1-9). Finally, antibodies have the ability to bind a broad
range of chemicals, biomolecules, cells and viruses. Since antibodies consist of an
arrangement of amino acids, a large variety of potential combinations can be obtained in

response to antigenic stimulation.

A large variety of immunoassays has been developed and characterized. We will focus

on the sandwich assay which is most commonly used for applications in plasmonics.
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Fig. 1-9 Schematic illustration of noncovalent interaction between antigen and antibody (Adopt

from R. A. Goldsby, et al. (2000) “Immunology”, New York: W. H. Freeman & Co.)

The “sandwich” assay, a configuration that sandwiches the analyte between two highly
specific antibodies, i.e. the primary and secondary labeled antibody, as shown in Fig. 1-
10. The signal produced by the labeled antibody is related to the amount of antigen in
the sample. This assay provides an increased sensitivity, and selectivity due to the
recognition of two sites in the antigen by primary and secondary antibody. If the Raman
probe or fluorophore is employed as a label for secondary antibody, we can directly
applied for SERS or SEF to enhance the sensitivity of immunoassay, which is the most

focused on this thesis..
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primary antibody

secondary antibody
. (labeled)

~ analyte

Fig. 1-10 Schematic illustration of sandwich immunoassay

1-3-3 SPR biosensor

SPR biosensor is one of the most successful commercial platforms *2 in life science for
analyzing molecular interaction such as antigen-antibody reaction. Fig.1-11 shows the
schematic illustration of the sensing principle. A solution containing an analyte such as
antigen flows through a flow cell which is contact with a gold film surface. The gold
film surface is often functionalized with functional molecules which is interacted with
the analyte. A angled beam which is p-polarized excites surface plasmon polariton on
the gold surface with the Kretschmann configuration.’> By scanning the incident angle of
the excitation beam, a minimum of reflectance is observed at the angular potion where
SPPs are excited. These SPPs are affected by the dielectric environment change which

is caused by the interactions with analyte and the functional molecules.
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Fig. 1-11 (4) Schematic illustration of a SPP biosensor. (B) Example of Sensorgram.
(Upper) By binding analyte with functional molecules immobilized to gold surface, a
dip is shifted I to II due to the dielectric constant change. (Below) Rewritten the angular
change into time. The amount of analyte interacted with functional molecules change is

shown in time course.
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As aresult of the interaction, a shift in angle where reflectance is minimum will be
observed corresponding to the dielectric environment change. Typically, with the
increase of binding amount of analyte with functional molecules such as antibody, local
refractive index is increased, resulting in a shift of the angular position to large value
due to the change of the condition of SPP coupling to the gold film. Therefore SPP
based sensors are sensitive to concentration changes in the bulk and to molecular
interaction at the gold surface. Actually, SPP-based biosensor is widely used in the field

33,34

of antibody research, affinity analysis**-*4, kinetics analysis,>**7 thermodynamics

38-41

analysis,** ! selection of antibody,** or analysis of macromolecules’ interaction®’.

1-3-4 LSPR biosensor

LSPRs have high susceptibility to the change of refractive index of surrounding
medium. When the refractive index of surrounding medium is increased, plasmon
resonance wavelength of LSP shows red-shifts. And this red-shift can be detected easily
by colorimetric detection without using a special instrumentation.** Many papers of
colorimetric assays have focused on the research of nucleotide interactions by using
oligonucleotide-modified Au nanostructures, and a detection limit in the range of sub-
picomolar has been achieved.* For example, Mirkin et al reported a quantitative assay
which detected target probes between 5 nM to 50 pM by using oligonucleotide-
functionalized 50 nm Au nanostructures.*® Spherical Au nanoparticles are most

frequently used, but non-spherical Au nanostructures are also applicable,*’ as well as
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nanostructures of other noble metals.*® These methods are interesting because sensing
for specific target can be executed by functionalizing the surface of nanostructures with

easy method to provide molecular selectivity.

Refractive index changes in the proximity of the surface of metallic
nanostructures in solution or nanostructures on a substrate, cause measurable the LSPR
wavelength shift and/or magnitude. This method can be applied for the detection of
label-free chemical or bio-related molecules with real time. The sensitivity of such
sensing system is commonly described by the change in resonance shift or magnitude of
reflectance per ‘refractive index unit’ (RIU), which is linked to the parameters’ change
when the amount of refractive index change is 1. Numerous LSPR biosensors using
different shape nanostructure dispersions have been reported. Two typical examples are
spherical Au nanostructure and Au nanorod dispersions. Ghosh et al found that the LSP
resonance wavelength is shifted linearly with the change of refractive index*’. More
useful application, Yu and Irudayaraj reported the multiplexed bioanalytical sensing

capability by using different aspect ratios of Au nanorods in solution.>

Nanostructures on the substrates can also be used for LSPR biosensor. They
usually provide some attractive feature: (1) controllability of the nanostructures by
using lithographic fabrication methods to tune resonance wavelengths and (2) no
chemical agents for control of shape of nanostructure while synthesizing such as Au
nanorods, or stabilizers for preventing the shape change of nanostructure, which leads to

the surface functionalization with specific receptors or ligands more effectively. When
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spherical Au or Ag nanoparticles and Au nanorods synthesized in solution were
immobilized on the substrates, they exhibited the resonance wavelength change of
~167,3! ~76,% and ~ 252 nm/RIU,> respectively. The sensitivity can be improved by
using spherical Au nanoshells and Au nanorice to ~555,%° ~800 nm/RIU,** respectively.
Au nanorings which were fabricated by Nanosphere Lithography have shown an even
larger plasmon resonance wavelength change of ~ 880 nm/RIU and ~5.2 nm of a
resonance wavelength shifted when a one of the CH> unit of elongated alkane chain
length of self-assembled monolayers (SAMs) were immobilized.’> Plasmonic
nanostructures of other geometries on the substrate were applied for LSPR sensing as

56,57

well, e.g. Ag nanotriangles, ®>” single Au nanodisks,’® single Ag nanocubes,”® Au

nanoislands,®® and Au nanoholes.®' %3
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1-3-5 Surface-Enhanced Raman Spectroscopy

Surface-enhanced Raman Spectroscopy is a very powerful technique for advanced
biosensing or environmental applications'>%*%° because SERS has ability to distinguish
or specify molecules by its spectral feature in addition to its huge enhancement. For the
SERS for sensing applications, there are two configurations which is called a direct
SERS,® and the other is an indirect SERS.%*%” Fig. 1-12 shows a schematic illustration
of indirect SERS and direct SERS. For indirect SERS, Raman label such as 4-
aminothiophenol, 4-chlorobenzenthiol which exhibits large Raman intensity is

immobilized to functional molecules such as DNA, antibody for analyte recognition.

For direct SERS, analyte can be interacted with plasmonic structures, therefore intrinsic
SERS from analyte can be detected and the analyte is recognized by analyzing SERS

spectra from the analyte.%

In another point of view, SERS can be classified in vivo assay and in vitro assay.
For example, Yuen et al reported in vivo blood glucose measurements using SERS. Fig.
1-13 (A) show the schematic illustration of measurement setup. The Ag film over
nanosphere (AgFON) substrate was functionalized with decanethiol and 6-mercapto-1-
hexanol for partitioning glucose molecules and was implanted into subcutaneous tissue
of Sprague-Dawley rat. Fig 1-13 (B) shows the measurement result. They succeeded to

detect glucose concentration in interstitial fluid by collected SERS spectra at the mean
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Fig. 1-12 (4) Schematic illustration of indirect SERS approach; molecules to be
detected is recognized by functional molecules such as DNA, antibody. SERS from
Raman label is detected, which is immobilized Au NP and functional molecule for SERS
and molecular recognition (B) direct SERS approach; analytes are interacted with Au
NPs and read out the SERS spectrum. Molecular recognition is done from the analysis

of intrinsic SERS spectrum from analyte.®®
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absolute relative difference values for calibration was 16.6% and for validation 34.6%.°
For in vitro application, there are quite lot of reports, for DNA,”% cancer markers such
as prostate specific antigen,’® 73 viral diseases such as influenza,’*"” hepatitis B,%*787
and also applications for environmental sensing such as trinitrotoluene®*®! as an

explosive detection, pollutants in soil,* air,** and water 4%
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Fig. 1-13 (A) schematic illustration of measurement setup. (B) Calibration (®) and

validation (@) sets of the first in vivo transcutaneous glucose measurements.®®
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1-3-6 Surface enhanced fluorescence

Compared to SERS, surface enhanced fluorescence (SEF) has not been paid much
attention because its enhancement factor is only determined by absorption enhancement
in case of usage of good fluorophore, which leads to obtain small enhancement
compared to SERS. But SEF has been intensively investigated especially in the field of

20,22,23,86,87

immunoassay applications or excitation of fluorescence for quantum dots at

low absorption wavelength region such as silicon quantum dot (Si-QD) excitation at

88-90 which has great potential for biomedical application

visible or near infrared region
because Si-QD doesn’t have an intrinsic toxicity and can be a suitable fluorophore for in
vivo application’!. Excitation by near-infrared wavelength is very important from the
biomedical point of view because biomedical substances have an “optical window”
which means that biological tissue has highest physiological transmissivity of light.”?
For example in the application for immunoassay, Aslan ef al reported surface enhanced
fluorescence immunoassay for myoglobin which is a marker for cardiac disease to
enhance the limit of detection.”® The silver island film (SiF) is formed on the glass
substrate, which is used as plasmonic nanostructure. The format of immunoassay is
sandwich format. Myoglobin was first captured by anti-myoglobin antibodies
immobilized on SiFs. Then, the surfaces were incubated with fluorophore-labeled anti-
myoglobin antibodies (Fig. 1-13 (a)). It’s also important to avoid non-specific

adsorption of fluorophore-labeled anti-myoglobin antibodies because enhanced

fluorescence is emitted from the non-specific adsorbed fluorophore-labeled anti-
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Fig. 1-14 (a) Schematic illustration of surface enhanced fluorescence with sandwich
immunoassay for myoglobin on SiFs. (b) Enhanced and normal fluorescence spectra
from the Rhodamine Red-X-labeled anti-myoglobin antibody at the 100ng/ml of
myoglobin on SiFs and on glass. (c) Myoglobin concentration dependency of
fluorescence intensity of Rhodamine Red-X-labeled anti-myoglobin antibody (excitation

532 nm).”
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myoglobin antibodies, which leads to elevate the blank signal. To suppress the non-
specific adsorption in this assay, bovine serum albumin is used as blocking agent. A 10
or 15-fold enhancement of fluorescence was detected from the fluorescent dye-labeled
antibody on the SiFs due to plasmonic enhancement effect compared with that on the
glass substrate where plasmonic enhancement is not expected (Fig. 1-14 (b)). Fig.1-
14(c) shows that the concentration dependence of fluorescent intensity. A range

between 10 and 1000 ng/mL is detectable via surface enhanced fluorescence.

For example of the application for the fluorescent enhancement of quantum dots
at low absorption wavelength region, Inoue ef al reported that enhanced
photoluminescence from a core/shell nanostructure with a gold nanoparticle as core and
silicon quantum dots (Si-QD) as shell was observed in the wavelength range of the
LSPRs of Au-NPs.” (Fig. 1-15(A)). Fig. 1-15 (B) shows the transmission electron
microscopic image of Au-NP/ Si-QDs composite. The Si-QDs agglomerates Fig. 1-
25(C) shows a photoluminescence (PL) spectrum of Si-QD itself, a PL excitation
spectrum detected at 780nm, and an absorption spectrum of Au-NP. Fig. 1-25(D) shows
the excitation wavelength dependence of enhancement factor of PL from Si-QD. Due to
the energy band structure of Si, the efficiency of PL excitation is very low above 500
nm due to low efficiency of absorption. However, PL can be enhanced by LSPR and the
enhancement has dependence on the thickness of the Si-QD layer on the Au-NP by

absorption enhancement (Fig. 1-24(D)).
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Fig. 1-15 (4) Schematic illustration of Au-NP/Si-QD composite. (B) Transmission
electron micrograph of an Au-NP/Si-QD composite. (C) Fluorescence spectrum of
Si/QDs in solution excited at 532 nm (black), its excitation spectrum detected at 780 nm
(red), and the absorption spectrum of Au-NPs (blue dashed line). (D) Excitation
wavelength dependence of enhancement factor at 780nm for different Si-OD shell

thicknesses.”®



40 Chapter 1

The huge enhancement factor of SEF cannot be obtained compared to SERS, but
SEF is still powerful technique in the field of immunoassay, fluorescence excitation

which efficiency is not so good.

1-4 Electromagnetic simulation

In the field of research of plasmonics, the simulation of electromagnetic field plays
important role in designing plasmonic nanostructure, understanding resonance mode.
The finite difference time domain (FDTD) method is used for that purpose. In this
method, the Maxwell’s equation was replaced in set of finite difference equations of
electric field and magnetic field as a function of space and time by using Yee lattice.”
By solving the Maxwell’s equations numerically for electromagnetic field in the desired
plasmonic nanostructure, it offers us a useful insight into the problems in plasmonics, or
electromagnetics generally. Additionally, FDTD can obtain not only the
electromagnetic field in space, time solutions but also the frequency solution by taking
Fourier transform. Thus, a full range of useful quantities of electromagnetics can be

calculated, such as reflection and transmission spectra, field distribution.

In this thesis, we employed a three-dimensional FDTD commercial program
‘FDTD solutions’ by Lumerical solutions, Inc. to study the optical response of
plasmonic nanostructures. All electric fields (|E|, |[E[?, or logio|E|*) obtained from the

simulation are normalized to the normalized to the incident field unless otherwise stated.
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It’s rather useful to obtain information from FDTD calculations such as extinction,
absorption, scattering spectra, electric field intensities and distributions, plasmonic
mode for designing, predicting, understanding plasmonic properties of the

nanostructures.

1-5 Aim and outline of this thesis

For good biosensing devices, there are some important characteristics such as sensitivity,
selectivity, low noise, stability and biocompatibility. In these points, important points to
be possessed by SERS or SEF sensing devices are high enhancement factor, robustness
of SERS substrates, biocompatibility. For the specificity of SEF, surface
functionalization with ligands such as antibody is quite important as discussed in 1-3.
Moreover, to avoid autofluorescence from bio-related molecules such as proteins,
pigments, SERS or SEF should be excited with near infrared (NIR) radiation which less
interacts with that kind of molecules. This thesis will focus on development of

application of SERS and SEF targeted for biomedical sensing.

As introduced in section 1-1 to 1-4, the background for all subject dealt within this

thesis is provided.

Chapter 2 and chapter 3 introduce the plasmonic substrates to get large
enhancement in SERS for biomedical sensing applications by tuning plasmonic

coupling with gold film. For applying biomedical sensing, it’s quite important to tune
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the resonance wavelength in near infrared region at aqueous environment to avoid
interacting the electric field with bio-related molecules. In chapter 3, we will discuss
plasmonic interaction between propagating and localized surface plasmon polaritons to
tune the resonance wavelength positon toward getting large enhancement and tuning the

plasmon resonance wavelength in water.

Chapter 4 describes the plasmonic substrate development toward in vivo biosensor.
To implant SERS substrates, there are some problems, because plasmonic substrates
suffer from robustness to external forces, i.e., the release of gold nanostructures from
the SiO-based support due to external forces, including laser irradiation under aqueous
conditions. And biocompatibility of plasmonic substrates is also important. In this

chapter, we will focus on the robustness of plasmonic substrates and its biocompatibility.

Chapter 5 focuses on the application of SEF to gain the extremely low limit of
detection of fluorescence immunoassay targeted for influenza virus sensing in
residential environment sensing. To detect influenza virus in air needs extremely low
limit of detection. The characteristics of surface enhanced fluorescence require
suppression of non-specific adsorption of the fluorescence probe to the plasmonic
structure for high signal-to-noise ratio detection. Moreover the instability of antibody is
crucial problem for applying for residential environment because residential
environment is severe situation such as temperature, light, humidity, and cost of
antibody. So we employed VHH antibody which holds great advantages in terms of

large-scale production, ease of genetic modification, and resilience to organic solvents
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and temperature. We demonstrate successful suppression of non-specific adsorption of

the fluorescence probe for high signal-to-noise ratio detection.

Finally, in Chapter 6, the results of this thesis are summarized and presented brief
outlook for further study of application of surface enhanced spectroscopy for a

biomedical sensing applications.
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Chapter 2
Plasmonic interaction between gold nanostructure

and gold film for large enhancement of SERS

2-1 Introduction

Strongly enhanced Raman scattering of adsorbates occurs on the surfaces of metallic
nanostructures that exhibit LSPR and consequently a local electromagnetic (EM) field
enhancement at the wavelength of the Raman excitation. In addition, the chemical
interaction between adsorbed molecules and the plasmonic nanostructures may provide
an additional enhancement due to the charge transfer effect between the metal and the
molecules. These two mechanisms give rise to the surface enhanced Raman scattering
(SERS) spectroscopy, which even has single molecule resolution.'? Although early
experiments generally were performed in the visible frequency range, there is increasing
interest in SERS-based sensing or imaging in the near-infrared (NIR) optical ranges of
650-900 and 1000-1350 nm, because they are the most appropriate wavelength ranges

for SERS experiments in the bovine plasma environment and in vivo detection.’?

Gold (Au) nanorings have been proposed and demonstrated for NIR SERS
application®*®. Au nanorings have high tunability in optical properties in the NIR
region.>>%%7 E-beam lithography has been extensively applied to fabricate the

nanorings but is limited by a low throughput and high cost.”®'% As an alternative, one
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turns to look for some simple, productive, and cheap methods to prepare the nanorings
such as nanosphere lithography.>>%1%! In addition, depositing metallic nanostructures in
the vicinity of a metal film has been proved to be an effective way to tune the plasmon
resonance and to enhance the local electric field.!>'* For example, Lévéque et al.
have shown the tunability of the plasmon resonance wavelength over 600-900 nm by
changing the thickness of silicon dioxide spacer between Au nanosquares and an Au

film.'% Crozier et al.'®

also found that the strong coupling between the propagating and
localized surface plasmons with an Au nanodisk array near an Au film separated by
silicone dioxide spacer. By coupling propagating and localized surface plasmon, the
electric field is quite strongly enhanced. In this section, we use the nanosphere

lithography method to fabricate Au nanorings near an Au film on a substrate for the

NIR SERS application.

2-2 Materials and methods

Quartz substrates at ¢141+0.02 mm, t=350pum were purchased from China national
scientific instruments and materials (China). 0.098um (CV=5.4%) surfactant-free white
sulfate latex beads was purchased from Interfacial dynamics corporation (United States).
The concentration of latex beads is diluted to 0.2% (v/v). Poly diallyl dimethyl
ammonium (PDDA) 20wt % in H>O, which molecular weight is 100,000 — 200,000 as
the agent for controlling the surface charge of the substrates was purchased from Sigma-
Aldrich (United States). The purchased PDDA solution was diluted to 0.2 %(w/w). 4-

aminothiophenol (98%) was purchased from Sigma-Aldrich.
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Fig. 2-1(a) and 1(b) show the schematic illustration of Au nanorings on an Au film
with a SiO; spacer (Au nanorings—SiO2—Au film) and Au nanorings on a SiO2 substrate,
respectively. The Au nanorings—SiO>—Au film structure was fabricated by performing
nanosphere lithography onto a SiO; layer which is sputtered onto an Au film. First, a
quartz substrate was covered by sputter deposition of an Au film with 50 nm thick and a
SiO2 layer with a variable thickness. Then 98 nm sized sulfate latex particles were
deposited on the functionalized SiO; surface by 0.2% (w/w) PDDA solution for 30
seconds for the electrostatic self-assembly of beads. After deposition of latex beads, Au
layer was sputtered for 30 nm thick on the top of the beads deposited substrate'®!. Next,
a xenon (Xe) ion milling process by in-house made ion milling system (Fig.2-2) was
performed on the Au film to form the Au nanoring structure by etching away the excess
gold. The detailed working mechanism is shown in previous work of our group!%. For
an ion beam with stable and constant intensity, the milling rate is constant. So the
milling depth should be determined by the ion milling time. In this experiment,
repeating 3 times of 20s milling, 20s cooling, and 5s milling at last. After ion milling
process, an oxygen plasma treatment (100W, 5 minutes) was used to remove the
remains of the latex particles. Fig. 2-1(c) displays that the nanorings (around 130 nm in
diameter) are distributed randomly with a constant density onto the SiO> surface and are
isolated with an interstructure spacing of around 200 nm. The maximum area of a single

continuous nanoring domain can reach a few square centimeters after optimization.
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Furthermore, a cross-section electron micrograph (bottom part in Fig. 2-1(c)) shows the
smooth and flat Au and SiO: film under the nanorings and all free standing Au
nanorings possess sharp edges and opened surface morphology, which is favorable for
SERS. For a comparison, nominally identical Au nanorings were fabricated directly

onto the quartz substrate without an Au film and a SiO; film underneath (Fig.2-1(d)).
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Fig. 2-1 Schematic illustrations of (a) Au nanorings — SiO> — Au film and (b) Au
nanorings on quartz substrate and their corresponding electrom micrographs in (c) and

(d), respectively. Bottom parts in (c) and (d) panels are the cross-section images.
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2-3 Results and discussion

To investigate the optical properties of the Au nanorings—SiO>—Au film structure,
simulated and experimental reflection spectra are analyzed in Fig. 2-3. Numerical
simulations for analyzing the plasmonic characteristics were performed by a FDTD
method.!%1% The structure was illuminated by normal incident light which the
polarization state is along the x-direction (Fig. 2-1(a)). The empirical dielectric
functions of Au and SiO: have been described in colleague’s work.'” For the sake of
simplicity, we assumed periodic boundaries although the structures are randomly
distributed in our samples. We have observed some periodicity induced effects, which
we will discuss later, but in general there is good agreement with the experimental
results. Experimental spectra were recorded by a Bruker spectrometer (Vertex 80 V)

with a Hyperion 2000 microscope.

Fig. 2-3(a) (top) presents the simulated reflection spectra of the Au nanorings—SiO2—Au
film structures with different thicknesses of the SiO, spacer. We can observe a strong
reflectance dip in the NIR range for all structures, which is attributed to the coupling
and the plasmon hybridization between the localized surface plasmon (LSP) of
nanorings and the delocalized surface plasmon (DSP) of the Au film. With the decrease
in the Si0O; spacer thickness from 70 to 10 nm, the dip shifts to longer wavelengths and

becomes narrower. The transmission spectrum of Au nanorings onto the quartz
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Fig. 2-3 (a) Simulated and (b) experimental reflection spectra of Au nanorings- SiO2-
Au film with different thicknesses of the SiO2 layer (top) and transmission spectra of Au

nanoring on quartz substrate (bottom).
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substrate is shown in Fig. 2-3(a) (bottom) for comparison, where only a LSP peak of
nanorings at a shorter wavelength (872 nm) is observed. To better understand the nature
of the dip’s shift and narrowing, the electric field enhancement (EFE, log|E/Eo*) and
charge distribution were simulated and are depicted in Fig. 2-4. It is apparent that a
bonding dipolar LSP is excited in nanorings without Au film (Fig. 2-4(a))'?!. At the 50
nm thick of SiO» spacer which separates Au nanorings and the Au film (Fig. 2-4(b)), the
strong coupling dipolar LSPR of nanorings and its own image charges on the Au film
ocuurs, which generates a quadrupole-like resonance. The coupling leads to a maximum
EFE that is almost three times larger compared to the bare nanorings. More importantly,
this enhancement is spread over the nanoring’s surface, which is particularly useful for
SERS-based molecular detection. When the thickness of SiO> is decreased to 10 nm
(Fig. 2-4(c)), the electric field confinement due to strong coupling occurs mostly in the
SiO2 spacer, which reduces the total dipole moment and radiative scattering of the
nanostructure significantly as a result. By doing so, a better confinement of optical
energy in the nanostructure and a higher quality factor in resonance bandwidth can be
obtained. This is why the LSPR wavelength was red-shifted and the linewidth of the
reflectance dip got narrowed. The latter is potentially helpful to improve the figure of
merit for LSP resonance biosensing.’® The enhanced tunability of the resonance by
changing the spacer thickness also helps us to match the wavelength of the
nanostructure’s resonance to the laser excitation. In addition, we have observed some

small dips in the range of 600-800 nm for the Au nanorings—SiO>—Au film structure,
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Fig. 2-4 (Left) EFE (log|E/E0|2) and (right) charge distribution of (a) Au nanorings
and Au nanorings —SiO2-Au film with (b) 50nm and (c) 10nm SiO2 layer at resonance
wavelengths of 872nm, 932nm, and 1138nm, respectively. Dashed line in (b) and (c)
panels indicate the position of the 50 nm thick of Au film. The maximum value of EFE

(|E/E0\|2) of each structure shown in [(a)-(c)].
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which is caused by the grating-induced excitation of DSPs at the Au film'!°. All

experimental spectra qualitatively reproduce the simulated spectra except for a broader
linewidth of the plasmon resonance probably induced by inhomogeneous broadening in
the sample and the absence of small grating-induced dips in the visible range due to the

disordered structure [Fig. 2-3(b)].

We employed 4-aminothiophenol (4-ATP) as a Raman probe to evaluate the
SERS performance of the Au nanorings—SiO>—Au film structure. Raman spectra were
collected by a Horiba Jobin Yvon LabRam HR 800 system with a 100 objective and a
785 nm diode laser (0.8 mW). A monolayer of 4-ATP molecules was adsorbed onto the
nanorings surface by soaking in a 0.3 mM ethanol solution overnight. Figure 2-5 shows
the SERS spectra of 4-ATP on the Au nanorings and on the Au nanorings—SiO2—-Au
film with different thicknesses of the Si02 layer. Although the Raman signal amplitudes
vary, all spectra have the same shape with the Raman shifts at 1080, 1143, 1179, 1436,
and 1589 cm™!, which correspond to the vibration modes of vCS 7a(al), SCH 9a(b2),
SCH 9a(al), vCC +3CH 19b(b2), and vCC 8a(al), respectively.!!!"!''2 The average EF
of 4-ATP on the Au nanorings was calculated to be 2.6 X 10° by using the Raman band

at 1080 cm ™! according to the method of Wang'!?

. Obviously, the EF gets improved
when the 4-ATP molecules are absorbed on the Au nanorings—SiO>—Au film structure.

In particular, the EF is increased when the SiO2 spacer becomes thicker and reaches the

maximum value of 1.4 X 107 with a 50 nm in thickness then decreases again when the
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thickness is larger than 50 nm. We strongly believe that the improved SERS effect on
the Au nanorings—SiO>—Au film structure is caused by the EM mechanism due to the
strong coupling of the LSP of the Au nanorings and the DSP of the Au film. When the
Au nanorings and the Au film are separated with a small gap, e.g., 10 nm, the SERS EF
is only slightly increased because the structural resonance wavelength (1070 nm) is far
away from the laser excitation wavelength (785 nm) and the most of the enhanced
electric field is confined in SiO; spacer, which is difficult to access by the molecules.
When the gap becomes larger, e.g., 50 nm, the EF is further improved because the
electric field is less confined and becomes much easily accessible by the molecules.
More importantly, the largely blue-shifted structural resonance wavelength (914 nm) is
closer to the laser excitation wavelength, which leads to a stronger electric field.
However, the EF will decrease when the gap is larger than 50 nm due to a weaker

plasmon coupling effect.

2-4 Conclusion

In conclusion, we have demonstrated the fabrication of the Au nanorings—SiO2—Au film
structures by using nanosphere lithography technique. An enhanced tunability and high
quality value of plasmon resonances of Au nanorings have been demonstrated by
controlling the coupling LSP and DSP by changing the thickness of the SiO: spacer.
Moreover, we have achieved a maximum NIR SERS EF as large as 1.4 x 107, an

improvement with a factor of 50 times compared to the Au nanorings. We believe the
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Au nanorings—SiO>—Au film structure has a promising commercial prospect for SERS
substrates due to a simple, low cost and high throughput manufacturing method, and a

large EF.
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Chapter 3
Plasmonic interaction between propagating and
localized surface plasmon resonance in water for

biomedical and environmental applications

3-1 Introduction

Strongly enhanced Raman scattering of adsorbates occurs on the surfaces of metallic
nanostructures that exhibit LSPR and consequently a local electromagnetic (EM) field
enhancement at the wavelength of the Raman excitation. SERS has received
considerable attentions in recent years because of its high sensitivity down to the single-
molecule detection limit in specific molecules'>!'*!15, The enhancement mainly arises
from enhanced local electromagnetic (EM) fields due to surface plasmon resonances’.
Additionally, chemical interactions between adsorbed molecules and metallic
nanostructures may provide an additional enhancement due to charge transfer between
metal and molecules. Because of its high sensitivity, SERS is a promising powerful tool
for biomedical and environmental sensing, e.g., blood glucose detection®®, virus
detection''®, arsenic detection in contaminated water''”, and the detection of chemical

pollutants in sea-water such as polycyclic aromatic hydrocarbon. '

The enhancement factor (EF) of SERS depends on EM-field intensities at

excitation and Raman band wavelengths”!!"”. To maximize EFs, EM-field intensities at
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both excitation and Raman band wavelengths should be strongly enhanced. A double-
resonance substrate has been proposed and demonstrated as one of the most promising
structures to achieve maximized intensities at both excitation and Raman

110.120-123 "1y general, a double-resonance substrate consists of an array of

wavelengths
gold (Au) nanostructures or nano-disks and a continuous gold film separated by a
dielectric spacer. SPPs and LSPs are strongly coupled and two hybridized modes are
observed!??. By tuning the structural parameters, a double-resonance substrate provides
a SERS EF of 8.4x108 in air for a silver arrays and 7.2x10” in Au nano-disk arrays'?.
For biomedical and environmental applications of SERS, excitations in the near infrared
(NIR) region are suitable because of the smallness of the interaction of NIR light with
biological media®®1°"123_ In many applications, e.g., in-situ detection of

126

biomolecules'?*!%, blood glucose measurements'?®, pharmaceutical chemicals detection

in water'?’, and aromatic chemical detection in sea water'*®, SERS is measured in water.

In this section, we first calculate the electric field for Au nano-disk arrays placed
in water, by a FDTD method to define the grating constant of the nano-disks array to
excite SPPs in water and to tune the diameter of Au nano-disks for controlling the LSP
resonance wavelength by taking into account the refractive index of water. From
calculation results, we fabricated double-resonance substrates using electron beam
lithography (EBL). We show that tuning of the interaction between SPPs and LSPs by

controlling the pitch of the Au nano-disk in the directions parallel and perpendicular to
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the polarization of the excitation light results in an EF as large as 7.8x107 in the NIR

region in water.

3-2 Materials, experimental and simulation methods

For the fabrication of double resonance plasmonic substrates, EBL was employed.
Polymethyl methacrylate (PMMA) resist of which average molecular weight was
950,000 was used. The mixture of the same amount of methyl isobutyl ketone and 2-
propanol was used as a developer for the PMMA after irradiation of electron beam. 1-
propanol was used as a rinsing agent for the developer. A conductive water soluble
polymer espacer 300 (Showa Denko, Japan) was used for charge-dissipating agent for
electron beam lithography. Quartz substrates at $14+0.02 mm, t=350pum were

purchased from China national scientific instruments and materials (China).

Fig. 3-1(a) shows a schematic illustration of a double-resonance substrate. An
Au nano-disk array is formed on a Au film with a SiO2 spacer. A thin titanium (T1) film
between the Au film and a quartz substrate serves as adhesion layer. For the preparation
of the structure, a quartz substrate was cleaned in a sulfuric acid/hydrogen peroxide
solution (H2S04 (96%):H20> (30%)=3:1) for 15 minutes followed by an oxygen plasma
treatment. Ti(10 nm), Au(100 nm), and silicon dioxide (Si07) (30 nm) layers were
sputtered onto the cleaned substrate. A 200 nm polymethyl methacrylate (PMMA) resist

layer was then spin-coated onto the substrate and baked at 165°C for 30 minutes. After



Chapter 3 61

Fig. 3-1 (a) Schematic illustration of double-resonance gold nanodisks array substrate.

(b) Scanning electron micrograph of a fabricated gold nanodisk array

baking PMMA resist, espacer 300 was spin-coated, followed by 10 minutes baking at
95°C. Each nanodisk arrays were exposed by electron beam lithography at different
dose of electron to control the diameter of nanodisks. Development of the PMMA was
done by soaking in developer for 1 minute at 22°C, resulted in the formation of
nanohole arrays in the PMMA layer. Au (30 nm) was then deposited by evaporation to
form nanodisks inside the holes. Finally, the PMMA layer was lifted off in acetone at
50°C. Fig. 3-1(b) shows a scanning electron microscope image of an Au nanodisk array.

The overall size of the gold nanodisk array is 100x100 um [Fig. 3-1 (b)].

The optical response of the structure was calculated by a FDTD method (FDTD
solutions, Lumerical Solutions, Inc. Vancouver, Canada). A metallic nanodisk array was

illuminated with a plane wave at normal incidence, which propagates in the k-direction
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[Fig. 3-1(a)]. The electric field E was directed along the x-direction; see Fig. 3-1(a).
Periodic boundary condition was used. The simulation region was Px X Pyx1920 nm’
with a non-uniform mesh, where Px and Py were the nanodisk pitches in x- and y-
directions, respectively, in Fig. 3-1(a). For fine simulations around the nanodisks,
200%x200%1920 nm? regions were calculated with a mesh size of 2 nm. The thickness of
the quartz substrate was set to 2000 nm, and those of the SiO2, Ti, and Au films were
30, 10, and 100 nm, respectively. The height of the Au nano-disk was 30 nm. Px and Py
were changed from 540 to 630 nm and from 200 to 400 nm, respectively. The refractive
index of the background was set to 1.33 (water) and those of other materials were
obtained by fitting the empirical Au'?, Si02'*, and Ti'3! dispersion data with

Lumerical’s multi-coefficient model'32.

3-3 Results and discussion

To measure the reflectance and SERS in water, the double-resonance substrates were
mounted in a home-made flow cell with a I-mm-thick cavity. Water was sent into the
cell by a peristaltic pump. For reflectance measurements, 10x objective (numerical
aperture (NA): 0.2) was used for irradiation and detection. The polarization of the
incident light was set parallel to the x-direction in Fig. 3-1(a). An area without nano-
disks, i.e., a Si02-coated Au film, was used as a reference. For SERS measurements, 4-
aminothiophenol (4-ATP) was employed as a Raman probe. A monolayer of 4-ATP

molecules was adsorbed onto nanodisks by soaking in a 1mM ethanol solution
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overnight. Raman spectra were excited via 10x objective (NA=0.2) using a 785-nm
diode laser (2.5 mW) and recorded by a LabRam HR 800 spectrometer (Horiba Jobin
Yvon). Raman peaks in the 600-1800-cm™' region, corresponding to wavelengths 824-

915 nm, were studied.

Fig. 3-2(a) presents a contour plot of calculated reflectance as a function of Py
and the wavelength. Py and the nano-disk diameter are set to 300 nm and 130 nm,
respectively. Two modes corresponding to SPP and LSP can be seen. SPP shifts to
shorter wavelengths as Px decreases. This occurs as a result of the matching of wave
vectors for light and SPP (kspp). In the double-resonance structure, kspp is inversely
proportional to Py, specifically 27/Px!*3. Fig. 3-2(a) indicates that the largest
enhancement of the excitation field (785 nm) in water is achieved when Py is 580 nm.
Similar data when Py is changed is shown in Fig. 3-2(b). Px and the nano-disk diameter
are set to 580 nm and 130 nm, respectively. The SPP resonant wavelength is almost
independent of Py, whereas that of the LSP moves to longer wavelength and becomes
broader as Py decreases. This is because of the coupling between neighboring nano-

disks in the y-direction, and resultant damping of the LSP resonance. 2°

Fig.3-2(c) shows a contour plot of calculated reflectance in water as a function
of diameter (80-145 nm) and the wavelength. Px and Py are set to 580 nm and 300 nm,

respectively. The anti-crossing behavior is clearly seen'?!. Fig. 3-2(d) shows



64

Chapter 3
£ £
5 =
2 2
5 &
>
0
0.2
=
=
600 700 800 900 1000 700 800 900 ‘g
Wavelength (nm) Wavelength (nm) % 0.6
o
IEOE (C i
(c) A : 140 (e 0.8
1
= 120 =y
E E 120
i 5
£ g
8 ©
o 100 9 400
80 80
600 700 800 900 1000 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)

Fig. 3-2 Contour plots of calculated reflectance as functions of (a) P. and wavelength (P,= 300
nm, diameter= 130 nm), (b) P, and wavelength (Px= 580 nm, diameter= 130 nm), (c) diameter
and wavelength (Px= 580 nm, P,= 300 nm). (d) Contour plot of experimentally obtained

reflectance as a function of diameter and wavelength (P.= 580 nm, P,= 300 nm).
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experimentally obtained reflectance for the structure in Fig. 3-1(b). The experimental
and calculated results agree very well except for a small reflection dip around 820 nm in
the experimental data. This is caused by a SPP grating mode excited by z-polarization
of the nano-disk illuminated under angled incident light'!. A slight broadening of the
experimental data compared with calculated values is also caused by this angled
illumination'?2. The overall agreement between experimental and calculated results
indicates that the double-resonance structure has been fabricated as designed with high

accuracy.

Fig. 3-3(a) and (b) presents cross-sectional images of the electric field
distribution at 785 and 879 nm, respectively. For the calculation, Px and Py are set to
580 and 300 nm, respectively, and the diameter and height of a nano-disk to 130 and 30
nm, respectively. For both resonances, the electric field is significantly enhanced near
the Au nano-disk. Furthermore, over the nano-disk, a large extensive evanescent field,

which is a characteristic of SPP, is observed in Fig. 3-3(a).!?!

Fig. 3-3(c) shows a contour plot of the electric field intensity at the position 2
nm above and Inm away from the edge of Au nanodisk (inset) as a function of Py and
the diameter. The electric field at the SPP resonance wavelength (~785 nm) and the LSP
resonance one (~880 nm) is strongly enhanced especially when Py is relatively large.
When Py is relatively small, e.g., smaller than ~300 nm, the field enhancement becomes
small. This arises from the coupling between neighboring nanodisks, which leads to

damping of surface plasmon resonances'*. Fig. 3-4(a) shows SERS spectra of 4-ATP
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on the double-resonance substrates with Px=580 nm and Py=300 nm (upper part). The
nano-disk diameter is changed from 100 nm to 143 nm. For comparison, a normal
Raman spectrum of 100-pm-thick 4-ATP formed by melting by heat and re-crystallizing
by cooling is shown at the bottom. The Raman signals at 1004, 1081, 1140, 1178, 1439,
1490, and 1589 cm! correspond to the vibration modes of yCC+yCCC 18a(al), vCS
7a(al), 3CH 9b(b2), 3CH 9a(al), vCC+vCH 19b(b2), v(CC) + 8(CH), and v(CC) at,
respectively. The Raman signals are strongly enhanced on the double-resonance
substrates. As the diameter of nano-disks increases, the Raman signal at 1589 cm—1
with respect to that at 1080 cm—1 increases. This can be explained by the red-shift of
the LSP resonance as diameter increases, as can be seen in the reflectance spectra in Fig.
3-4(b). The Raman signal at 1080cm—1 is strongest when the diameter is 130 nm,
arising through the almost exact coincidence of SPP and LSP resonance wavelengths

with the excitation and Raman wavelengths.

In Fig. 3-4(c), SERS spectra when Py 1s changed from 300 nm to 580 nm and Px and
the diameter are fixed to 580 nm and 130 nm, respectively, are presented. The
reflectance spectra of the same samples are shown in Fig. 3-4(d). The SERS signals
monotonically increase with decreasing Py, which is accompanied by a deepening in the
reflectance dip in Fig. 3-4(d). These results indicate that the energy of the incident light
is more effectively confined when Py is smaller. However, this is not consistent with the
result of the electric field simulation in Fig. 3-3(c). In the simulation, the field

enhancement is the largest when Py is 580 nm and decreases as Py decreases. Since
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Fig. 3-4 (a) (Top panel) SERS spectra of 4-ATP on double-resonance nanodisk array

substrates (Px= 580 nm and Py= 300 nm). For the spectra, the diameter changes from
100 to 143 nm. (bottle panel) Normal Raman spectrum of 100 mm thick 4-ATP film. (b)
Reflectance spectra corresponding to (a). (c) SERS spectra as Pf changes from 300 nm

to 580 nm (Px= 580 nm and diameter = 130 nm). (d) Reflectance spectra corresponding

(c).
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SERS EF is considered to be proportional to the EF of the electric fields at the
excitation and Raman wavelengths”!'°, the simulation suggests the largest Raman EF
when Py is 580 nm. The reason for the discrepancy is not very clear at present, but may
be caused by slightly different parameters between simulation and experiment'®®, e.g.,

incident angle and imperfection of the structure.

The SERS EF averaged over a laser spot is defined as EF=(Isers/Nsers)/(INr/Nnr),
where Isgrs and Inr are the intensities of SERS and normal Raman scattering at a
specific Raman band, Nsgrs and Nnr are the number of molecules in the laser spot for
SERS and normal Raman scattering, respectively’. In the present structure, Nsgrs is
calculated as Nsers=ps SgoldA/(PxxPy), where ps is the surface packing density of 4-ATP,
Seold 18 the surface area of one gold nanodisk and A is the laser spot area'?!. Nxr is
calculated using the volume density and molecular weight of 4-ATP and the laser
illumination volume which is defined by the laser spot size and the penetration depth of
the spot'!®. The volume density, molecular weight, and surface packing density is 1180
kg/m?, 125.19, and 5x10'*/m?,'"3 respectively. The average EF obtained for the
optimized double-resonance substrate (Px: 580 nm, Py: 300 nm, diameter: 130 nm) in
water is 7.8x107. This value is among the highest in SERS substrates intended for use in

biomedical and environmental applications.'
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3-4 Conclusion

In conclusion, through FDTD simulations and experiments, we have studied optimizing
conditions to enhance responses of a double-resonance nano-disk array for NIR SERS
in water. We showed high tunability of the SPP and LSP resonance wavelengths by
changing the pitch and diameter of Au nano-disks. By the optimization of the SPP and
LSP resonance wavelengths, a maximum averaged NIR SERS EF of 7.8x10 can be
achieved in water. We believe that SERS substrates of double-resonance nanodisk
arrays can be used in biomedical or environmental applications that require SERS

measurements in water in the NIR region.
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Chapter 4

SERS substrates for in vivo application
4-1 Introductions

Plasmonic nanostructures markedly increase the Raman scattering intensity of
molecules adsorbed on their surfaces. This phenomenon is known as surface-enhanced
Raman scattering (SERS), which can achieve a single-molecule resolution”!*”. SERS is
based on electromagnetic field enhancement and results from the excitation of a
localized surface plasmon resonance in a nanostructure. The chemical interaction
between adsorbed molecules and a metallic nanostructure may provide an additional
enhancement because of charge transfer between metal and molecules’. The high
sensitivity and selectivity of SERS lend itself to biosensing applications, including in

vivo sensing on animal models using of SERS substrates!314°,

To improve the sensitivity and control of SERS for specific applications,
precisely controlled gold nanostructure arrays have been formed on SiOz-coated gold
mirrors' 97122141 SERS substrates suffer from robustness to external forces, i.e., the
release of gold nanostructures from the SiO-based support due to external forces,
including laser irradiation under aqueous conditions [Fig. 3(b)]. This is because these
nanostructures do not adhere well to the SiO, substrate. Ti and Cr are traditional

adhesion materials that provide good mechanical adhesion between gold and SiO». They
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are compatible with evaporation processes, but often limit the plasmonic sensor

performance by damping the plasmon mode!'4>!43,

Alternative adhesive materials include organic silanes, such as mercaptosilane. Lamy
de la Chappelle et al. introduced a mercaptosilane layer to a lithographic lift-off process
to provide an adhesive layer between SiO» and gold!#*. The mercaptosilane layer
improved the mechanical adhesion of gold nanodisks and did not adversely affect the
SERS performance, in contrast to Cr adhesive layers. However, the increased adhesion
provided by this process is limited, because the gold plasmonic layer is deposited after
the patterning of the mercaptosilane layer. Hence, the mercaptosilane coating is exposed

to several wet processing steps, deteriorating its adhesive properties.

In this article, we report the fabrication of a nanopatterned gold film on SiO»,
including a (3-mercaptopropyl)triethoxysilane (MPTES) adhesion coating between
SiO2 and the gold. In contrast to the report of Lamy de la Chapelle et al.'** , fabrication
of nanostructure is achieved using an etching process. In this manner, the gold film is
deposited on a fresh mercaptosilane coating, resulting in a superior adhesion strength,
without compromising SERS performance. The substrate is sufficiently robust for in
vivo sensing, as successfully demonstrated by its implantation in the animal skin for 2

months.
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4-2 Materials and methods

SERS substrate fabrication

Fig. 4-1(a) shows the SERS substrate fabrication process. The nanopatterned top gold
film on a MPTES coating was fabricated by electron beam lithography (EBL) and
subsequent etching. A 100-nm-thick gold film, i.e., an internal mirror, was deposited on
a quartz substrate by sputtering a 10-nm-thick titanium adhesion layer. A 30-nm-thick
Si02 spacer was deposited on top of the gold film by sputtering. The silanization of the
SiO2 top layer was carried out according to Ye et al.!®” The substrate was immersed in a
solution of 10% (v/v) MPTES in 95:5 ethanol/distilled water for various durations. The
substrate was then carefully rinsed with ethanol, dried under N», and baked in an oven at

105 °C under N; flow for 10 min.

Within 30 min after silanization, a 30-nm-thick gold layer was deposited on the
MPTES-functionalized substrate by sputtering. This short time frame was required to
prevent carbon contamination of the substrate surface by air, and thus achieve a high
gold adhesion strength. Subsequently, the film was coated with a thin negative electron

beam resist (Micro Resist Technology, ma-N 2400) and exposed by EBL.

After the development of the resist, Xe ion milling of the gold film was carried out. The

substrate was cleaned by oxygen plasma treatment, yielding gold nanodisks on the
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Fig. 4-1(a) EBL preparation of the MPTES-containing SERS substrate. (b) Bright- field

microscopy (left) and SEM (right) images of gold nanodisks deposited on the MPTES-

containing substrate by EBL.
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MPTES-functionalized substrate [Fig. 4-1(b)]. For comparison, substrates containing
gold nanodisks deposited on a 2-nm-thick Ti film (instead of MPTES) and gold
nanodisks deposited without any adhesion layer were also fabricated. The distances
between two gold nanodisks were 590 and 300 nm in the x- and y-directions,

respectively. The total area of the gold disc array was 100x100 pm?.

Adhesion test

Adhesion tests were performed using a scratch testing tool (Rhesca, CSR-2000 Nano-
layer scratch tester) enabling the calculation of the adhesion strength of gold to the SiO»
substrate. The samples were either 30-nm-thick flat gold layers on functionalized SiO-
slides containing MPTES deposited for different reaction times, or a 2 nm-thick Ti

adhesion layer.

SERS measurements

SERS spectra were recorded on a Horiba Jobin Yvon LabRam HR 800 spectrometer,
with a x10 objective and a 785 nm diode laser [2.8 mW]. 4-Mercaptophenyl boronic

acid (4MPBA) was used as a Raman probe. A monolayer of 4AMPBA was adsorbed on
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the gold nanostructure surface by immersing it in a 4MPBA solution (1 mM in ethanol)

overnight.

Surgical implantation and explantation

Ethical approval for performing the surgical experiments on two healthy female goats
(Saanen) was granted by the Veterinary Faculty ethical committee of Ghent University
(EC 2012/104). Before surgery the goats were anesthetized with ketamine (Ceva Santé
Animale, Ketamine 1000®, 1.1mg/kg) and midazolam (Roche, Dormicum®,
0.03mg/kg) and maintained after tracheal intubation with O2 in an isofluorane mixture
(Abbott Lab, Isoflo®). Routine monitoring (electrocardiogram, pulsoximetry,
capnography, direct blood pressure and arterial blood gasses) was performed. After the
induction of anesthesia, the animals were placed in lateral recumbency and the
implantation site (flank area) was surgically prepared. For each implant, a 10-mm-long
incision was made through the skin, followed by blunt dissection to create a
subcutaneous pocket for the substrate. 3x3 mm? substrates were placed in each pocket,
with the sensor surface facing outwards. Incisions were closed with resorbable sutures
(Ethicon, Vicryl 2/0 muscle) and protected with a sterile self-adhesive bandage. The

goats were closely monitored in the post-operative period.

After two months, the substrates were surgically explanted from the goat abdomen with
their surrounding tissue following the same anesthesia protocol as described. The

explanted substrates and surrounding tissue were placed in 1% buffered formalin for 3
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Fig. 4-3 (a) SERS spectra of 4MPBA immobilized on SERS substrates with and without
adhesive layers (laser power 2.8 mW, 1.0 s exposure), (b) Microscopy images of SERS
substrates after laser exposure for 20 min (laser power 2.8 mW). The black circle in the

upper picture indicates the position of laser exposure and peeling off of gold nanodisks.
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days, for the fixation of tissues. The substrates were then carefully removed from the

tissue.

4-3 Results and discussion

To investigate the suitability of MPTES as an adhesion layer and optimize the
silanization reaction time, adhesion tests were conducted using a scratch testing tool.
Fig. 4-2(a) shows a gold film on a SiO2 surface being scratched in the x-direction by a
vibrating diamond stylus mounted on an elastic arm; the stylus was being lowered in the
z-direction (load-increasing direction). The elastic arm was deformed during lowering
of the stylus. This increased the load on the film being applied by the stylus. The film
broke when the shear stress exceeded the film adhesive strength, as shown in Fig. 4-2(b).
The adhesion strength of gold to the Si substrate was calculated from the average share

stress over five measurements.

Fig. 4-2(c) shows the adhesion strength of gold as a function of silanization
reaction time, and also that of the gold layer on the Ti-containing substrate. In the
absence of MPTES (i.e., 0 h reaction time), the gold adhesion strength was 0.4 N/mm?.
MPTES increased the adhesion strength of the gold layer. At a reaction time >12 h, the

adhesion strength was 81.8 N/mm?.

MPTES worked as an adhesion layer between the Au and Si0O; layer, because
the silane end group of MPTES were covalently bound to the SiO; through siloxane

bonds. The thiol group strongly bound to the evaporated gold through Au-S bonding!®.



80 Chapter 4

The increase in adhesion strength with time indicated the formation of siloxane bonds.
This suggested that the adhesion strength of gold nanodisks to MPTES on SiO> was
improved. However, by using a very long reaction time (>17 h), MPTES is prone to

self-polymerization, resulting in substrate roughening!*°.

In the Ti-containing sample, abrasion of the gold layer occurred prior to peeling
it off of the substrate. This was because of the very high adhesion strength (186.8

N/mm?), which was in close agreement with the gold Vickers hardness (216 N/mm?).

To compare the SERS performance characteristics of the three SERS substrates

containing different adhesive layers, 4AMPBA was employed as a Raman probe.

Fig. 4-3(a) shows the SERS spectra of 4AMPBA on each SERS substrate recorded
under aqueous conditions, which exhibited Raman shifts at 995, 1018, 1075, and 1167
cm’!. These corresponded to the y(C-C), v(C-S), v(B-OH), and v(C-B) vibrations,
respectively'#’. Fig. 4-3(a) shows that the SERS signal from the Ti-containing substrate
was about an order of magnitude lower than that from the substrate containing no
adhesive. It is well known that Ti has a high refractive index and a strong optical
absorption at the excitation wavelength, so Ti causes a damping of the plasmon
resonance when the layer is in close contact with gold or silver films'#!44, The SERS
spectrum of 4MPBA on the substrate containing MPTES was similar to that on the
substrate containing no adhesive. This indicated that the MPTES adhesion layer had

little effect on SERS performance. This was because the MPTES layer thickness
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corresponded to the thickness of a single molecule, and the dielectric environment of the

gold nanodisks was largely unaffected by this monolayer.

Fig. 4-3(b) shows microscopy images of the SERS substrate after laser
irradiation with a 10x objective and a 785 nm diode laser [2.8 mW] for 20 min under
aqueous conditions. No changes were observed in the MPTES- and Ti-containing
substrates before and after irradiation. However, the gold nanodisks were removed from
the substrate containing no adhesion layer. We anticipated that this was caused by local
heat generation through the laser exposure. The gold nanodisks absorbing the laser
produced an increase in temperature. The convection flow of the solution surrounding
the gold nanodisks by heat induced the removal of the gold nanodisks from the substrate.
This result indicated that the MPTES-containing substrate provided a satisfactory SERS
performance and a sufficient robustness for extended high-intensity SERS

measurements.

The robustness of the SERS substrate against external forces is an important
factor for its application in in vivo sensing, in addition to its optical performance. In in
vivo environments, these forces act on the SERS substrate surface by friction with
biological tissues and by the healing of tissues that commences immediately after

implantation. Thus, gold nanodisks could potentially peel off of the SERS substrate.

To investigate the robustness of the MPTES-containing substrate for in vivo sensing,

3x3 mm? substrates were implanted in the skin of a goat abdomen for 2 months, as
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w/MPTES

w/MPTES w/o adhesive

Fig. 4-4 (a) 3%3 mm2 SERS substrate being implanted in the skin of a goat abdomen,
and (b) explantation with surrounding tissues. (c) Bright-field image (<10
magnification), SEM images of the same SERS substrate with MPTES at (d) x10,000
and (e) x50,000 magnification, and (f) SEM images of the SERS substrate without

MPTES after implantation for 2 months at x5,000 magnification.
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shown in Fig. 4-4(a) and (b). Fig. 4-4(c) shows a representative microscopy image of
the explanted SERS substrate at x10 magnification. A 100 um square array of gold
nanodisks was observed. A conductive polymer (Showa denko, ESPACER) was coated
on the surface to prevent charging by the residual tissue, and SEM images were
recorded at x10000 and X 50000 magnifications, as shown in Fig. 4(d) and 4(e),
respectively. Darker areas indicated thicker tissues on the substrate. The MPTES
nanostructure as well as a Ti coated substrate (picture not shown) remained intact, and
the adhesion of the gold nanodisks was sufficient for the forces applied during healing
and friction with the body tissue. During implantation, the gold nanodisks peeled off of

the substrate containing no adhesive [Fig. 4-4(f)].

4-4 Conclusions

MPTES-containing SERS substrates were prepared by etching process with EBL. The
MPTES adhesion layer provided an adhesion strength of ~80 N/mm2 between the gold
and the SiO2 surface. This was ~200 times greater than the adhesion strength in the
absence of an adhesion layer (0.4 N/mm?). The SERS substrate was sufficiently robust
for extended high-frequency measurements without plasmon loss. The substrate was
robust in an in vivo environment, as evidenced by its implantation for 2 months. This
substrate has potential in in vivo SERS sensing. In future work, SERS signal detection

will be examined with the substrate implanted in an animal model.
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Chapter 5
Immuno-based virus sensing using surface enhanced

fluorescence

5-1 Introduction

Flu epidemics, which occur annually during the winter in the northern hemisphere,
caused economic losses, and even mortality in older people, children, or
immunocompromised individuals due to its high morbidity!*!4°. Recently, Yan et al.
reported that the RNA of influenza virus was found in the exhaled breath from infected
patients, without sneezing or coughing!>’. They reported influenza virus RNA was
detected in 76% of the exhaled aerosol samples below 5 um in diameter and 40% of the
exhaled aerosol samples over 5 um in diameter. This suggested that sneezing was not
important for viral shedding. Moreover, the infectiousness of the sampled aerosol below
5 um in diameter was examined and infectiousness was confirmed in 39% of samples'°.
Moreover, Kormuth et al. showed that aerosolized influenza virus co-existed with
extracellular material originating from the apical surface of human bronchial epithelial
cells, retaining their viability in a wide range of relative humidities.'! These
observations suggest that influenza virus detection in the environment is important for
assessing the risk of influenza infection, although the mechanism of influenza

transmission is still under discussion'*2.
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Immuno-based assays have been successfully applied in diagnostics, the pharmaceutical
industry, the food industry, and in environmental monitoring due to the high specificity
and sensitivity that they offer!33~13° Antibodies, one of the most important elements in
immuno-based assays, determine the specificity and sensitivity, and the characteristics
of the antibodies, especially their affinity to the analyte, cross reactivity, and low level
of non-specific adsorption are important. Camelid single variable domain heavy chain
(VHH) antibodies were discovered about 25 years ago.'*® These antibodies don’t have
the light chain naturally, so its structure is simple compared to IgG, of which
characteristics offers many advantages in terms of large-scale production, ease of
genetic modification, and resilience to organic solvents and temperature!>”!>%, VHH
antibodies could potentially be used in an immuno-based assay for environmental
sensing, such as the specific detection of a virus, fungus, or bacterium in a residential
environment. The characteristics of VHH antibodies have been intensively investigated
as well as their potential applications in clinical therapeutics'>®, immunodiagnostics'®,

environmental monitoring'®’, and small molecular detection'®’,

For highly sensitive detection using an immuno-based assay, a transducer that
converts the antigen—antibody reaction to a detectable signal is important'®!. Surface
plasmon resonance (SPR) is a powerful tool for analysis of the antibody characteristics
of an antigen—antibody reaction!®? and requires an enhancer for the optical response
such as Raman scattering or fluorescence!>?>!9 Surface enhanced fluorescence, which

enhances the fluorescent intensity of the fluorophore, occurs because the electric field of
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exciting light is strongly enhanced by the surface plasmon resonance'* or localized
SPR!®, This phenomenon occurs in close proximity to the plasmonic structure, such as
the gold nanostructures or thin gold film, and is applicable as an enhancer for the
fluorescent probe. The characteristics of surface enhanced fluorescence require
suppression of non-specific adsorption of the fluorescence probe to the plasmonic
structure for high signal-to-noise ratio detection®” because the fluorescence from the

non-specifically-bound fluorescence probe is also enhanced.

For the suppression of non-specific adsorption, many researcher have been
intensively investigated. To reduce the non-specific adsorption, the role of intermediate
water is important to repel the protein from the surface.'® In this purpose, BSA!7 168 or
polyethylene glycol (ethylene glycol: EG)'®, has been mainly used. Especially, EG
monolayer with thiol end group are employed for the gold surface functionalization as a

suppressor of non-specific adsorption!”,!7!,

In this chapter, we investigated the application of VHH antibody in an immuno-
based assay for influenza nucleoprotein A detection with surface enhanced fluorescence.
We demonstrate successful suppression of non-specific adsorption of the fluorescence

probe for high signal-to-noise ratio detection.
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5-2 Materials and methods

Reagents.

11-Mercaptoundecanol triethyleneglycol ether (hydroxy-EG3-undecanethiol)
and 20-(11-mercapto-undecanyloxy)-3, 6, 9, 12, 15, 18-hexaoxaeicosanoic acid
(carboxy-EG6-undecanethiol) for plasmonic substrates functionalization were
purchased from Doujindo Laboratories (Kumamoto, Japan). Anhydrous ethanol was
purchased from FUJIFILM Wako Chemical (Japan). 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide (NHS) for the
EDC/NHS reaction were purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). ELISA assay diluent (5X) as bovine serum albumin (BSA) and glucosamine
hydrochloride as the blocking agent were purchased from BioLegend (San Diego, CA,
USA) and FUJIFILM Wako Pure Chemical, respectively. Anti NP VHH antibodies
(1C6 and 2B9) were purchased from the Antibody Engineering Research Center (Chiba,
Japan). Anti-FLAG IgG (F1804) was purchased from Sigma-Aldrich. Dylight 800™
NHS ester as a fluorescent dye and 0.67 M borate buffer were purchased from Thermo
Fisher Scientific (Waltham, MA, USA). Influenza A HIN1 (A/Puerto Rico/8/34/Mount
Sinai) recombinant nucleoprotein A was purchased from Sino Biological Inc. (Beijing,

China).
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Affinity constant measurement of VHH antibody by SPR.

Affinity constant measurements of two VHH antibodies were performed using a
Biacore T200 analytical system (GE Healthcare UK Ltd., Buckinghamshire, England)
with a multi kinetics method. CMS5 sensor chips (GE Healthcare UK Ltd.), consisting of
a gold-coated glass which surface is functionalized with a carboxymethyl dextran layer
were used. Anti-FLAG IgG were immobilized to the sensor surface by the EDC/NHS
reaction using the recommended amine coupling kit (GE Healthcare Bio-Sciences). The
carboxyl end groups of sensor chip surface were activated using 37.5 mg/mL EDC
solution and 5.75 mg/mL NHS solution. After activation, a 29 mg/mL of anti-FLAG
IgG solution diluted in 10 mM sodium acetate buffer, pH 5.0, was injected for 420 s.
After immobilization of anti-FLAG IgG, the active carboxyl end groups which was not
reacted with anti-FLAG IgG were deactivated with 35 pL of 1 M ethanolamine-
hydrochloride, pH 8.5. Then, 100 nM influenza nucleoprotein A solution (A/Puerto
Rico/8/34/Mount Sinai) with FLAG-tag, which was biosynthesized using the SF9 cell
line, was prepared in PBS-T buffer (pH 7.4, 0.15 M NaCl, 0.05% v/v Tween 20).
Prepared influenza nucleoprotein A solution was injected for 60 s association, followed
by injecting PBS-T buffer for 600 s dissociation to stabilize the captured nucleoprotein
A. A two-fold dilution from 12.5 nM to 0.0975 nM for VHH antibody 1C6 and from 25
nM to 0.19 nM for VHH antibody 2B9 were prepared in PBS-T buffer and 60 pL of

each solution was applied at a flow rate of 30 uL/min. After the injection of the VHH
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antibody, 300 pL of PBS-T buffer was applied at the same flow rate for the dissociation
phase measurement of VHH antibody. After acquisition of sensorgram of association
and dissociation for a concentration of VHH antibody, the sensor chip surface was
regenerated by using 1 M arginine hydrochloride solution for different VHH antibody.
Sequentially, another concentrations of VHH antibodies (from 0.0975 nM to 12.5 nM
for 1C6, from 0.19 nM to 25 nM for 2B9) were injected for sensorgram acquisition. The
association/dissociation constants of each VHHs were calculated by using Biacore
Evaluation Software version 4.1 (GE Healthcare Bio-Sciences) from the obtained
sensorgrams. A Langmuir model under the assumption of 1:1 binding of antigen and

antibody is used for fitting the obtained sensorgram.

VHH antibody preparation for fluorescence measurement.

VHH antibody 1C6 was employed as a primary antibody and 2B9 as a
secondary antibody. The concentration of 1C6 solution was 10 pg/mL in PBS buffer at
pH 7.4, with 0, 0.01, 0.1, 1, and 10% (w/v) of glucosamine added to evaluate the
blocking effect of glucosamine hydrochloride. For 2B9, Dylight 800™ was
immobilized to 2B9 VHH antibody via the following procedure. Briefly, 3 mL of 1.8
mg/mL of 2B9 PBS solution and 240 pL of 0.67 M borate buffer were mixed, followed
by the addition of 1.62 mL of Dylight 800™ NHS ester and the mixture was incubated

for 1 h at room temperature protected from the light. Then buffer exchange to 50 mM
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Tris-HCIl was performed. After buffer exchange, dye-immobilized 2B9 was purified by
anion exchange chromatography to remove non-reacted dye and 2B9 using a Mono Q
5/50GL column purchased from GE Healthcare UK Ltd.. After purification, the degree
of labeling was estimated by measuring the absorbance at 280 nm and 777 nm. The
estimated degree of labeling was 0.72. Finally, the concentration of dye-immobilized

2B9 was adjusted to 0.5 pg/mL with diluted ELISA assay diluent (1/10) at pH 7.4.

Plasmonic substrate preparation.

To prepare the plasmonic substrate, an olefin nano-imprint film with dome-
shaped structures was employed, as previously reported®®. The width, pitch, and height
of the structures were 230, 460, and 200 nm, respectively. An Au film of 400 nm in
thickness was deposited by sputtering onto the structure, an. Fig. 5-1 shows a scanning
electron micrograph after Au film deposition. Fig. 5-1(a) and (b) show top views of the
plasmonic structure at 10,000 and 30,000 magnifications, respectively. Fig. 5-1(c)
shows the tilted (52 degree) view at a 50,000 magnification, and Fig. 5-1(d) shows the
cross sectional view at a 30,000 magnification. As shown in Fig. 5-1, each elements of
the plasmonic structure is arranged as hexagonal closed packed structure and the
diameter is around 460nm. Fig. 5-2 shows the reflection spectrum of plasmonic
substrate. The arrows in Fig. 5-2 shows the localized surface plasmon resonance
wavelengths. From Fig. 5-2, two localized surface plasmon resonance is occurred

around 610nm and 790nm. Surface enhanced fluorescence is occurred by the electric
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field enhancement of excitation light and fluorescence emission due to plasmon
resonance. The dye in this work is excited at 785nm and emitted fluorescence at 800nm,
so the plasmonic substrates in this work is suited to induce surface enhanced
fluorescence. Just after Au deposition, plasmonic substrates were immersed into a
mixed solution comprising equal amounts of 0.75 mM hydroxy-EG3-undecanethiol and
0.25 mM carboxy-EG6-undecanethiol anhydrous ethanol solution for overnight
incubation at room temperature, followed by rinsing with anhydrous ethanol and blow
drying with N2 gas. After surface functionalization with hydroxy-EG3-undecanethiol
and carboxy-EG6-undecanethiol, the plasmonic substrates were settled in 24-cell plates
and the carboxyl end group was activated by immersing it into 1 mL/well of mixed
solution comprising equal amounts of 400 mM EDC in MES buffer and 100 mM NHS
in MES buffer for 15 min at room temperature protected from the light. The pH of the
EDC and NHS solutions was 4.7. After removal of EDC and NHS solution, 1 mL/well
of the 1C6 VHH antibody and glucosamine hydrochloride mixture was poured
immediately and incubated for 2 h at room temperature with shaking. Following
incubation, the substrates were washed three times with PBS-T buffer and were blocked

with ELISA assay diluent (1x).
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Fig. 5-1 Scanning electron micrograph of plasmonic substrates. (a) top view, (b) top

view (high magnification), (c) tilted (52 degree) view, (d) cross-sectional view
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Immunoassay and detection of nucleoprotein A by fluorescence measurements.
After immobilization of 1C6 VHH antibody, the plasmonic substrates were
incubated in 1 mL of influenza A HIN1 (A/Puerto Rico/8/34/Mount Sinai) recombinant
nucleoprotein A solution for 1 h at room temperature. Nucleoprotein A was diluted in
ELISA assay diluent (1x) to concentrations of 1000, 100, 10, 1, 0.5, 0.1, and 0.05 pM.
After incubation, the substrates were washed three times with PBS-T buffer and
immersed into 500 puL of 0.5 pg/mL dye-immobilized 2B9 VHH antibody solution and
incubated for 1 h at room temperature. After incubation with dye-immobilized VHH
antibody, the substrates were washed three times with PBS-T, then immediately
immersed into Milli-Q water to avoid precipitation of constituents of the PBS-T buffer

and were dried under nitrogen gas.

For the detection of nucleoprotein A by fluorescence measurements, a self-
constructed optical system comprising a 785-nm diode laser (PDLD Inc., Germany) and
an iHR-320 spectrometer (HORIBA, Ltd., Japan) with a Symphony liquid nitrogen
cooling Charge Coupled Device (CCD) detector (HORIBA, Ltd., Japan) was employed.
A dichroic mirror (LP02-785RE-25, Semrock, USA) was used to separate the laser line
and emitted fluorescence from the dye immobilized on the VHH 2B9 antibody. The
785-nm excitation light (50 uW) was focused on the substrates using a 10x objective
lens (NA=0.3, Nikon, Japan). The emitted fluorescence was corrected using the same
objective lens and was transferred to the iHR320 spectrometer. The acquisition time of

the CCD was 0.5 s.
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Fig. 5-2 Reflection spectrum of plasmonic substrate. The arrows show plasmon

resonance
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5-3 Results and discussion

Affinity constant measurement by SPR.

The association and dissociation constants are quite important parameters to analyze
antigen-antibody reaction. Fig. 5-3 shows a schematic image of the experimental setup.
First, a 29 mg/mL anti-FLAG IgG was coupled to the CMS5 chip surface to immobilize
the biosynthesized FLAG-tagged influenza nucleoprotein A solution via the FLAG-tag
for easy regeneration to conduct a multi kinetics method!”?. Using the biosynthesized
nucleoprotein A, affinity constant measurements should be done preferably using a
monomer to confirm the 1:1 reaction of antibody and antigen. However, influenza
nucleoprotein A readily forms oligomers!”*. To overcome this, after synthesis of
nucleoprotein A, size exclusion chromatography was employed to separate monomers
from a mixture of multimers of nucleoprotein A. Then VHH antibodies were injected
from low concentration (0.0975 nM for 1C6, 0.19 nM for 2B9) to high concentration
(12.5 nM for 1C6, 25 nM for 2B9). Fig. 5-4(a) and (b) show the resulting sensorgrams
when 1C6 and 2B9 VHH antibodies were injected. Table 5-1 shows the obtained
association/dissociation rates and dissociation constant that were calculated by fitting
the sensorgram of SPR with a 1:1 Langmuir model. Both VHH antibodies showed good
interactions with nucleoprotein A because the dissociation constants of both 1C6 and

2B9 were low (9.5 x 101% and 2.2 x 107'9, respectively).
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Fig. 5-3 Schematic image illustrating the experimental setup for affinity constant

measurements
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This means that both VHH antibodies have high affinity for nucleoprotein A. The
sensorgram (Fig. 5-4) shows that 1C6 has a high association rate (kon=4.2 x 10°),
whereas 2B9 has a low dissociation rate (kog=2.3 X 10™). These characteristics indicate

that both VHH antibodies have desirable characteristics for an immunoassay.

Immunoassay and detection of nucleoprotein by fluorescence measurements.

At first, the amount of non-specific adsorption of dye-immobilized VHH
antibody was examined because surface enhanced fluorescence has quite high
sensitivity in the vicinity of the surface of the Au nanostructure due to the highly
enhanced electric field generated by the surface plasmon resonance. To reduce the non-
specific adsorption, the role of intermediate water is important to repel the protein from

the surface!%°.

To suppress the non-specific adsorption, BSA, carboxy-EG6-undecanethiol for
VHH antibody immobilization and hydroxy-EG3-undecanethiol, which contain oligo
ethylene glycol, were employed because ethylene glycol has intermediate water and

reduces non-specific adsorption!’*

. Moreover, to add more hydroxyl end groups to the
plasmonic substrate’s surface to suppress non-specific adsorption, glucosamine
hydrochloride was employed to cap the activated carboxyl end group instead of
ethanolamine. To confirm the effect of the amount of glucosamine hydrochloride, 1C6

VHH antibody and glucosamine hydrochloride were co-functionalized by changing the

concentration of glucosamine hydrochloride. The 1C6 VHH antibody was diluted with
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Table 5-1 Obtained association and dissociation constants by fitting the sensorgram

using a 1:1 Langmuir model

Kon(1/Ms) Ko(1/s) Kp(M)
1C6 4.22 X 10° 4.02X 107 9.52X 1010
2B9 1.04 X 10° 2.33X10* 2.24 X 10710
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Fig. 5-4 Sensorgrams of affinity constant measurements of (a) 1C6 VHH antibody, (b)
2B9 VHH antibody. A sensorgram from 0 to 120 seconds shows the association reaction

and from 120 seconds onwards shows the dissociation reaction.
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PBS buffer containing glucosamine hydrochloride at a concentration of 0.01, 0.1, 1, and

10% (w/v).

By reacting the mixture of glucosamine hydrochloride and 1C6 VHH antibody
to the activated carboxyl end group of the plasmonic substrate, the VHH antibody and
glucosamine hydrochloride can be co-immobilized to the plasmonic substrate’s surface
via the primary amine end group. The immobilized amount of VHH and glucosamine
hydrochloride can be determined by the concentration of VHH and glucosamine
hydrochloride according to the law of mass action. Fig. 5-5(a) and (b) show the
glucosamine hydrochloride concentration dependence of the fluorescence intensity
when the nucleoprotein A concentrations were 0 nM and 1 nM, respectively. The
fluorescence intensity of 0 nM of nucleoprotein A (Fig. 5-5(a)) shows the amount of
non-specific adsorption of dye-immobilized 2B9 VHH antibody to the plasmonic
substrate. When the glucosamine hydrochloride concentration was zero (the far left data
in Fig. 5-5(a)), the fluorescence was intense and showed a wide distribution. This
indicated that the effect of the hydroxy-EG3-undecanethiol and carboxy-EG6-
undecanethiol mixture for avoiding non-specific adsorption was neither sufficient nor
stable. The fluorescence intensity became weaker with increased glucosamine
hydrochloride concentration, which indicated that glucosamine hydrochloride is
effective for the suppression of non-specific adsorption of dye-immobilized 2B9 VHH
antibody to the plasmonic substrate. The non-specific adsorption of dye-immobilized

2B9 VHH decreased to a seventh of its original level when the glucosamine
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Fig. 5-5 Glucosamine hydrochloride concentration dependency of fluorescence intensity
under BSA and ethylene glycol existence when the nucleoprotein A concentration was

(a) 0 nM and (b) 1 nM. Error bar shows standard deviation of 5 measurements.
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Fig. 5-6 Fluorescence spectra with different nucleoprotein A concentrations at 1%

(w/v) glucosamine hydrochloride. Inset shows magnified spectra at low concentration.



102 Chapter 5

hydrochloride concentration was 1% (w/v).

The fluorescence intensity of 1 nM of nucleoprotein A (Fig. 5-5(b)) was weakest
when the glucosamine hydrochloride concentration was 10% (w/v). The procedure of
data analysis is shown in supplemented information. As the amount of glucosamine
hydrochloride increases, the amount of immobilized hydrochloride also increases,
whereas the amount of immobilized 1C6 VHH decreases. The small amount of
immobilized 1C6 VHH can bind to a small amount of nucleoprotein A, which leads to
less dye-immobilized 2B9, resulting in weak fluorescence. When 0.01% and 1% (w/v)
glucosamine hydrochloride was added, the fluorescence intensity was almost the same.
The fluorescence intensity of 0.1% (w/v) glucosamine hydrochloride was about 1.6
times higher than that of 0.01% glucosamine hydrochloride. '"*!”> Fig. 5-6 shows
typical fluorescence spectra with different nucleoprotein A concentrations and 1% (w/v)
glucosamine hydrochloride. The inset is the magnified spectra corresponding to a low
concentration of nucleoprotein A. The peak of fluorescence intensity is around 800 nm,
which corresponds to a fluorescence intensity peak of dylight 800™. The peak intensity
clearly depends on the concentration of nucleoprotein A. The fluorescent intensity at 0
pM, although small, seems to reflect the shape of the dylight 800™ spectrum because
the peak is around 800 nm. The amount of non-specific adsorption of dye-immobilized

VHH antibody is considerably suppressed, but the fluorescence is still observed.

Fig. 5-7 shows the nucleoprotein A concentration dependence of the

fluorescence intensity at 800 nm, which is drawn as a double-logarithmic graph. The red
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solid horizontal line in Fig. 5-7 shows the average fluorescence intensity of 0 nM
nucleoprotein A and the dashed line shows the standard deviation. The inset in Fig. 5-7
shows a linear plot of the low concentration range. Nucleoprotein A was detected in the
concentration range over four orders of magnitude from 0.1 to 1000 pM. As shown in
the graph in the inset, fluorescence at 0.1 pM was still observed although dye-
immobilized VHH antibodies have only 0.72 molecules per one molecule of VHH, as
indicated in the Materials and Methods. If the degree of dye-labeling to VHH antibodies
is increased, the fluorescence intensity would also increase, which would help lower the

limit of detection.

To evaluate the limit of detection of nucleoprotein A, the slope of the linear
approximation was calculated in the range from 0.01 to 1 pM, which is shown in the
inset of Fig.5-7. We employed an unweighted linear model for fitting the data. The
slope of the linear approximation line was 43.2, the intercept was 3.75. The standard
deviation at 0 pM determined by the fluorescence measured at 0 pM was 12.6 in the
absence of glucosamine hydrochloride and 0.87 with the addition of 1% (v/v)
glucosamine hydrochloride. Because the fluorescence intensities of 1 nM at 0% (v/v)
hydrochloride and 1% (v/v) glucosamine hydrochloride appeared the same from Fig. 5-
5(b), the slope of 0% (v/v) can be assumed to be the same as that of 1% (v/v)

hydrochloride. As the limit of detection is calculated by the 3c/slope, the limit of of this
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Fig. 5-7 The nucleoprotein A concentration dependency of fluorescence intensity at 800
nm in a double-logarithmic scale. Inset shows magnification of the graph around the
low concentration region in a linear scale, regression line and function. Red solid line
shows averaged fluorescent intensity at blank, red dashed line shows standard deviation

at blank from 5 times measurement.
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assay was found to be 0.875 pM in the absence of glucosamine and 60 fM for 1% (v/v)
glucosamine addition. Therefore, the addition of 1% (v/v) glucosamine hydrochloride
lowers the detection limit 15 times due to the suppression of non-specific adsorption of

dye-immobilized VHH antibody.

5-4 Conclusions

We developed an ultrasensitive VHH antibody-based immunoassay for nucleoprotein A
using surface enhanced fluorescence for signal enhancement. The affinity constant of
VHH antibodies was evaluated and the dissociation constants of these antibodies were
estimated to be 9.5 x 1071° for 1C6 and 2.2 x 1071° for 2B9. This means that both VHH
antibodies have high affinity to nucleoprotein A, i.e., IC6 VHH antibody has a high
association rate (kon=4.2 X 10°) and 2B9 VHH antibody has a low dissociation rate
(kofi=2.3 X 107*). These values indicate that both VHH antibodies have desirable

characteristics for the immunoassay.

We demonstrated that by applying 1% (v/v) glucosamine hydrochloride for co-
immobilization with a capture VHH antibody as a suppressor of non-specific adsorption
of dye-immobilized VHH antibody, a detection limit of 60 fM can be achieved, which is
15 times lower than that achieved in the absence of glucosamine hydrochloride. This
low detection limit has been achieved whilst maintaining the benefits of the VHH

antibody, such as large-scale production, ease of genetic modification, thermal
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resistance and high stability, which are important for environmental sensing in
residential environments. Our findings are therefore an important breakthrough for
assessing various risks in residential environments. Although nucleoprotein A of
influenza was detected in this work, the VHH antibody assay with surface enhanced
fluorescence could be readily extended to other targets by changing the type of VHH

antibody.



Chapter 6 107

Chapter 6

Conclusions and outlook

Throughout in this thesis, we focused on the tuning the plasmonic properties for surface
enhanced spectroscopy in near infrared region toward biosensing applications including

in vivo and in vitro sensing.

In Chapter 2, we have demonstrated the fabrication of the Au nanorings—SiO2—
Au film structures by using nanosphere lithography technique to enhance SERS
enhancement factor by between the Au nanorings and the Au film. In the result, we can
tune the plasmonic coupling and we have achieved a maximum NIR SERS EF as large

as 1.4 x 107, an improvement with a factor of 50 times compared to the Au nanorings.

In chapter 3, we have studied optimizing conditions to enhance responses of a
double-resonance nano-disk array for NIR SERS in water by tuning the SPPs and LSPs
coupling. We showed high tunability of the SPP and LSP resonance wavelengths by
changing the pitch and diameter of Au nano-disks through FDTD simulations and
experiments. By the optimization of the SPP and LSP resonance wavelengths, a

maximum averaged NIR SERS EF of 7.8x107 can be achieved in water.

In chapter 4, high robustness SERS substrates were fabricated by using MPTES
as adhesion layer for in vivo applications. The MPTES adhesion layer provided an

adhesion strength of ~80 N/mm?2 between the gold and the SiO2 surface. This was ~200
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times greater than the adhesion strength in the absence of an adhesion layer (0.4
N/mm?). The SERS substrate was sufficiently robust for extended high-frequency
measurements without plasmon loss. The robustness of the substrate was shown at in
vivo environment, as evidenced by its implantation for 2 months. We have shown this

substrate has potential for in vivo SERS sensing.

In chapter 5, we developed an ultrasensitive VHH antibody-based immunoassay
for nucleoprotein A using surface enhanced fluorescence for signal enhancement by
suppressing non-specific adsorption of dye-immobilized VHH antibody. In this chapter,
we have shown it’s important for biosensing applications to improve not only an
enhancement factor but also surface functionalization to exploit the detection ability of
surface enhanced fluorescence. Our findings are an important breakthrough for

assessing various risks in residential environments.

We have provided a proof of principle for several elemental technology for
biosensing applications using surface enhanced spectroscopy. To commercialize these

applications, there are still many questions and tasks to be solved.

(1) Stability for nanostructure fabrications for mass production.

Almost applications based on plasmonics are still in research phase. Difficulty to
fabricate nanostructure in desired tolerance at mass production can be a one of
the reason’!’%. The advanced lithography such as DUV!”’, or nanoimprint

technology®® can be a candidate to solve
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(1)  Further investigation about toxicity of nanomaterials in vivo and SERS detection

through subcutaneous tissue.

Gold in its bulk form consider as inert, biocompatible, and non-toxic.
But when the size of gold goes to nanometer-order, the behavior is completely
different compared to bulk.!”® Especially, toxicity regarding to genotoxic,
mutagenicity or cytotoxicity are determined by the size of material, surface
chemistry, and charged surface functional groups.'” To evaluate the
biocompatibility of Au plasmonic nanomaterials rigorously with reliability
and realistic data, the establishment of a standardized experimental protocol is
needed.!”® This is a great issue to be solved to commercialize plasmonic

applications in vivo.

For the detection of SERS through subcutaneous tissue, a large progress
has been made for in vivo SERS applications'®* 83, In terms of
instrumentation, particularly glucose monitoring, user-friendly and intuitively
£184

instrumentation is needed for real use rather than specialized equipmen

though Raman spectroscopy requires quite high resolution of wavelength.

(iii))  Construction of integrated sensing system from sampling to detection

Viral detection from residential environment to assess the risk of
infection with high sensitivity, it’s quite important to not only the improvement

of enhancement of detection, but also efficient sampling and transporting to
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sensing position. Especially airborne viral detection, there is difficulty in
confinement of large volume air sample into small volume of sample solution.
Sophisticated total sensing system design is needed to commercialize virus

detection system to manage high sensitivity and user-friendly system.
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