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Chapter 1 Introduction

1.1 Detection of biomolecular interactions by using a surface

plasmon

Surface plasmon is a quantum of free electron oscillations, which can be excited on a
metal surface in particular configurations [1]. This phenomenon was initially found by
Wood in 1902 [2]. When metallic diffraction grating is illuminated by polychromatic
light, patterns of unusual dark bands in the reflected light are found. This phenomenon
is considered as anomalies which gives no clear physical explanation. Until 1957, Rufus
Ritchie was the first to predicate the existence of surface plasmons [3]. In 1968, Otto
initially excited a surface plasmon using the attenuated total reflection method in a prism
coupled structure [4]. In the same year, Kretschmann and Reather reported the excitation
of surface plasmons in another configuration of attenuated total reflection method [5].

Nylander and Liedberg demonstrated that a sensing method can be used to detect
bimolecular interactions using a surface plasmon excited in the Kretschmann configura-
tion [6-8]. A sensing technique based on the surface plasmons has attached the high
attention in the research because of its high sensitivity, fast response, free label and
real-time monitoring [9-13]. This technique can be utilized in the medical diagnosis,
environmental monitoring, food safety screening, and so on [14-19].

Because the dispersion relation of surface plasmons strongly depends on the refrac-
tive index of the dielectric medium which covers the metal surface, they can be used as
a sensing probe to measure the refractive index. The sensors have been applied to in-
teractions among proteins, DNA, and some other bio-related molecules [20-26]. In the
typical cases, interactions between target molecules (e.g., antigen) and target-recognizing
molecules (e.g., antibody) immobilized on the sensing surface are measured as variation
of refractive index [27-31]. Characteristics provided by surface plasmon sensing fit well
in these applications [32-37].

In the development of these sensors, parallel detection of multiple targets in one mea-
surement is one of the biggest concerns [38,39]. Since an affordable volume of a sample
is often limited in the measurements of biological samples, a parallel detection that uses
little sample volume is preferred by most research institutes. To achieve this, a small
measurement probe is required. The method to localize surface plasmons on a flat metal
surface can produce a sensing volume with an ultra small amount.

The localized surface plasmons on a flat metal surface can be excited by focusing light

on the sensing surface of Kretschmann configuration through an objective lens with a high
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numerical aperture [40-43]. In this case, surface plasmons propagating in many directions
can be excited coherently. These surface plasmons interfere with one another to localize
in the microscopic region. The size of localization reaches to the optical diffraction limit.
The localized surface plasmons are also usable as a measurement probe of refractive index
as well as the conventional surface plasmons, which propagate in one direction on the
metal surface [44]. In addition, the positive characteristics of the conventional surface
plasmons are maintained. The localization technique reduces the sensing volume to < 10
al for typical setups and samples. The small measurement probe is useful in the detection
of influenza viruses with a certain subtype. Since the size of the viruses is ~ 100 nm, the
measurement method has a potential to detect a single virus. Moreover, it is possible to

detect multiple subtypes in one measurement from a sample with an ultra small volume.

1.2 Determination of influenza viruses with specific subtypes

Influenza A and B viruses cause the infectious diseases in humans and animals. In fact,
influenza A viruses cause a pandemic in the world. Influenza A virus has eight sin-
gle segments RNA. The surface of the virus is covered by two kinds of glycoproteins.
They are hemagglutinin (HA) and neuraminidase(NA). Hemagglutinin is responsible for
binding host cell, and neuraminidase is responsible for releasing replicated viruses from
infectious cells. Influenza A virus is labeled according to the type of hemagglutinin and
neuraminidase it carries. Up to date, 17 types of hemagglutinin and 9 types of neu-
raminidase is identified. This means that, in theory, there arel53 different subtypes of
influenza viruses. Each virus has a different degree of virulence and pathogen. Subtype
determination of influenza virus, which is equal to determining the types of hemagglu-
tinin and neuraminidase, plays an important role on the front line of research in research
institutes of infection desease. A fast and high sensitive determination method is desired,
because it helps to speed up research [45-49].

At the present, there are two methods which are frequently used to determine the
subtype of influenza virus in the research institute [50-52]. One is based on genetic anal-
ysis. In this method, a sample is collected from the nostril, and swab sample is dissolved
in Phosphate Buffered Saline (PBS). A target sequence of RNA is then transcribed to a
DNA sequence. After DNA molecules are amplified by polymerase chain reaction (PCR),
amplified DNA molecules are determined by using electrophoretic separation [53,54]. This
method has high sensitivity, but its limitation is difficult to overcome, the process of DNA
amplification takes several hours. A fast method for subtype determination is desired.

The other method is based on immuno-flourescence analysis [55,56]. In this method,
monoclonal antibodies as primary antibodies are immobilized on the substrate surface,
and they interact with the target viruses which bind on the sensing surface. After that

secondary antibodies is given on the substrate surface to interact with viruses and are fixed
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on the substrate surface. The secondary antibodies are labeled by fluorescent particles.
Fluorescence is detected to determine the subtype of an influenza virus. In this method,
labeled antibodies are used in the process of virus detection. If a method do not require
secondary antibodies, it is possible to increase the detection speed and remove the post
chemical process. A determination method without secondary antibodies is expected,
which contributes to a survey of infectious diseases in medical institutes.

This study aimed to develop a method to determine the subtype of influenza virus
using antigen/antibody interactions. In this method, a localized surface plasmon as a
sensing probe is used to measure the refractive index variation that arises from interactions
between influenza viruses and their monoclonal antibodies on the sensing surface. This
method has good properties, such as high sensitivity, fast response, free label, and real
time monitoring [57-59]. Because it is possible for a localized surface plasmon to produce
an ultra small sensing probe, it has the potential to detect a single influenza virus. If
multiple kinds of monoclonal antibodies are immobilized in microscopic sections on the
sensing surface, parallel determination of the subtype is achievable from a sample with

small volume.

1.3 Research purpose

The present research dealt with the development of an optical sensor to determine multiple
subtypes of influenza viruses from a sample with ultra small volume in the one measure-
ment. In this technique, multiple subtypes of antibodies are immobilized on the sensing
surface: they in turn can be used to detect the influenza viruses with multiple subtypes.
For this purpose, an ultra small sensing region is required as well as the localization of a
surface plasmon to produce a micro/nano size of the sensing region. This localized surface
plasmon excited on a flat metal surface in microscopic region is used as a sensing probe
to measure the refractive index variation.

This study demonstrates that the sensing method using localized surface plasmons is
able to distinguish the subtypes of influenza virus between A /HIN1 and A /H3N2 by using
monoclonal antibodies for A/HIN1. To evaluate applicability of the developed sensor to
medical diagnosis used in the real word, a nasal swab specimen was detected under the
same condition for A/HIN1 detection.



Chapter 2 Surface plasmon sensing

The propagation constants of surface plasmons are useful for monitoring the refractive in-
dex variation on a metal surface. The development of optical biosensors based on surface
plasmons has attracted wide attention because of their high sensitivity in measuring the
refractive index [60-63]. Surface plasmon as a sensing probe of refractive index measure-
ment is useful for the detection of biomolecular interactions [64-71]. In this chapter, the

sensing technique based on surface plasmons is described.

2.1 Surface plasmon

Surface plasmon is a quantum of free electron oscillations excited on a metal surface [1,3].
Figure 1 (a) shows free electron distribution on the metal surface. Because of coulomb
force, free electrons move from high density to low density area. Due to inertia, density
change as shown in Fig. 1 (b), and the above mentioned movement of free electrons
is repeated. This repetitive movement brings about a collective oscillation, which is
referred to as surface plasmon. Under a particular configuration, if a light with appropriate
polarization and incident angle reflects on a metal surface, surface plasmons are excited
on the metal surface. The dispersion relation of surface plasmon strongly depends on the
refractive index on the metal surface. Surface plasmons can be used as a sensing probe

for measuring the refractive index variation on the metal surface.

(a) Free electron
e = e o Metal surface
- T _ = -4— - _4—\—_ —
Oscillation‘ Coulomb force
(b) /
- - '_- - - = :-» T -

Fig. 1: Collective oscillations of free electrons on the metal surface.
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2.1.1 Dispersion relation of surface plasmons
The propagating constant kj;g: of light propagating in the medium with refractive index

n can be expressed by the equation below [1].

w
Kiight = s (2.1)

In this equation, w and ¢ indicate the angular frequency and light speed in vacuum,
respectively. The relation between angular frequency and propagating constant is called
dispersion relation of light.

In the model as shown in Fig. 2, the dispersion relation of surface plasmons propa-

gating along the interface between metal and dialectic can be derived as follows.

Dielectric Medium 2

Metal Medium 1

Fig. 2: Model for deriving dispersion relation of surface plasmons .

A surface plasmon is an electromagnetic wave having components of electric field E
and magnetic field H, which satisfy the Mexwell’s equations. Maxwell” equations are

expressed by following.

0B
oD
V-D=0 (2.4)

V-B=0 (2.5)
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In the isotropic medium,

D =c¢E (2.6)
B =uH (2.7)

in which, € and p are permittivity and magnetic permeability of medium, respectively.

Components of electric £ and magnetic H field vectors are as follows.

E =(E,E,E,) (2.8)
H = (H, H, H,) (2.9)
In here,
0H, O0H, 0H, 0H, 0H, OH
H = 2 _ ¥ F__—_= ¥ _ __7), 2.1
VX (83/ 0z~ 0z or ’ Ox 3y) (2.10)

From equation (2.3), (2.6), and (2.10), the following functions are derived by replacing

% by iw.
OH, O0H, .
- — = E 2.11
dy 0z 1wete (2.11)
0OH, O0H, .
— = E 2.12
Ox * 0z wely (2.12)
oH, 0H, .
—— = = E 2.1
e o iwek, (2.13)

In order to reflect the oscillation mode of the surface plasmon, T'M wave is assumed here.

The electric field and magnetic field are shown in following equations.

E =(E,,0,E.) (2.14)
H =(0,H,,0) (2.15)

Consequently, the equations below are obtained.
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0H, ,
5 = wek, (2.16)
aazy = iweE, (2.17)

Then, dependences of magnetic compotes in the z direction in the medium of metal and

dielectric are considered as H;, and Hy,, respectively.

Hy, = Ae~h1=7 (2.18)
H,, = Be k== (2.19)

Amplitudes A and B are undetermined coefficients. Equations (2.18), (2.19) are applied
in equation (2.16) and the following is obtained.

OH .
— W ik, - Ae e = e By, (2.20)
OH ,
— 2 ik, - Be %7 = ey By, (2.21)
0z
From boundary conditions Hy, = Hy, and 1, = FEs, , the following equa-
z2=0 z2=0 z=0 z=0
tions are derived.
A=2RB (2.22)
A B
klz_ == kgz— (223)
€1 £9

From the two equations mentioned above, equation (2.24) is derived.

1 —1
A 0
= 2.24
klz _k2z < B ) ( 0 > ( )
€1 €2

From equation (2.24),

ki, ko,
12 _ k2 (2.25)
&1 E9
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is obtained. Further, k1, and ko, should be equal at the interface.

kl:r = k2:v = ksp (226)

In this equation, kg, is the wavenumber of surface plasmon. The wavenumber in each

medium can be expressed as follows.

ki |” = (%)261 (2.27)
koo = (%)262 (2.28)

From the three equations above,

(%)2 e = K2+ K2, (2.29)
(%)2 ey = K2+ K2, (2.30)

are obtained. From equation (2.25),

b, = k.. (2.31)
€9

Equation (2.31) is substituted into equation (2.29),

2
2 €1 2 _ (W)?
ksp+< > K2, = (C) el (2.32)

€2

From equation (2.30), the equation below

K2, = (%)252 e (2.33)

is obtained. From equation (2.32) and (2.33), k,, can be expressed in the following

equation.
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w E1€2
kop = —1] 2.34
P C €1 +€2 ( )

By expressing, permittivity of metal and sample as €,,(w) and e5(w), equation (2.34)

becomes as follows.

Fop (@) = g\/ e () € () (2.35)

c\l em (W) +es(w)

By employing plasma frequency w, of the Drude-model, real part of metal permittivity
Emr can be expressed as follows.

Emr (W) 21— -2 (2.36)
By assuming vacuum for medium on the metal (e, = 1),

Emr (W)

Real{ksp(w)} - m

ol &

w [1—w2/w?

e\ 2-wi/w?

w | w?— wf)
“ o\ (2.37)
p

This equation can be expressed as follows.

(2.38)

According to equation (2.38), the plot of propagating constant ks, as a function of angular
frequency w is shown as in Fig. 3. One can see the that kg, is saturated at 1/ V2
of w/w, axis, and plot is tangent to linear line describing maximum spatial frequency
of propagating light in the vacuum. As a consequence, the propagating light in vacuum

cannot excite the surface plasmons because k, of light and surface plasmon never coincide.
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1 T 'Il T
Light ./
142
5 s Surface plasmon
0 ' | ' 2
k(w)/(wp/c)

Fig. 3: Dispersion relation of a surface plasmon and light in the vacuum.

2.1.2 Excitation of surface plasmons
For the excitation of surface plasmons, a particular optical setup is necessary. Among
the setups to excite the surface plasmons, Kretschmann configuration is frequently used
for this purpose. The said configuration is shown in the Fig. 4. It consists of a prism
as a dielectric medium with high refractive index, and a metal film covered by air as a
dielectric medium with low refractive index.

In this method, an illumination light with appropriate polarization is reflected at the
interface between the metal film and the prism, in which the incident light is larger then
the critical angle. The evanescent wave appears in the metal surface, and its intensity
exponentially decreases from the metal surface. Once the incident angle increases, the
wavenumber of illumination light increases in medium of prism. The light with excitation

angle of surface plasmon can be used to excited the surface plasmons on the metal surface.
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Evanescent wave
Metal film L{>Surface plasmon

[Mlumination light Reflaction light

Fig. 4: Kretschmann configuration

2.1.3 Other configuration for the excitation of surface plasmons
Except Kretschmann configuration, Otto and Wood configurations, which are used to
excite the surface plasmons, are described here. Figure 5 shows the Otto configuration,
which consists of a dielectric with high refractive index (glass prism), a metal, and a dielec-
tric with low refractive index. Incident light with appropriate polarization (p-polarization)
and an incident angle that is larger than the critical angle produces the evanescent wave
in the metal surface. The intensity of electric field exponentially decreases, so that a
distance between the prism and the metal surface should be within of ~100 nm. The
illumination light with an excitation angle, surface plasmons are excited on the metal
surface.

Figure 6 shows a wood configuration, in which light illuminates the grating surface [2,
72]. The non-radiation component of diffracted light excites the surface plasmon on the

grating surface.
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Metal

Surface plasmon

Evanescent wave

Prism

[Mlumination light Reflaction light

Fig. 5: Otto configuration.

Evanescent wavel Surface plasmon

‘.
[Mlumination light Reflaction light

Fig. 6: Wood configuration.
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2.2 Refractive index measurement by using surface plasmons

2.2.1 Calculation theory of reflectivity in Kretschmann configuration

In the Kretschmann configuration, reflectivity as a function of incident angle for illumina-
tion light is simulated in this section [73,74]. Figure 7 shows the calculation model based
on Kretschmann configuration, which consists of a dielectric medium with high refractive
index nq, gold film with refractive index ns, and a dielectric medium with low refractive
index (n3). Regarding illumination light with p-polarization, wavelength A\ in vacuum

incident angle #; is assumed.

Medium 3 z
Air n3

Yy
Medium 2

Gold film n2

Medium 1
Cover glass nj

p-polarized light

Fig. 7: The calculation model based on Kretschmann configuration.

From the side of a dielectric with high refractive index , light is first reflected at the
interface between the dielectric with hight refractive index and the gold film. Reflected
light is assumed a, b, ¢,---. The sum of each reflected light is reflectivity r of illumination
light in the Kretschmann configuration.

The reflectivity r;; and transmissivity ¢;; of illumination light at the interface two

mediums with refractive index n,; and n; are expressed by as following equations.

n; cos 0; — n; cos f;

(2.39)

Tiq
J n; cos t; + n; cos b,
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2n,; cos 0;
ty = 1 8 (2.40)
n; cos 0; + n; cos 8;

And they have the following relationship.

tijtji =1+ TiiT5ji (241)

Using the equations above, each reflected a, b, ¢,--- can be shown as:

a:Ti9

b: tlgemzzd . T2361k2zd ~to1

tko,d tko,d

C: t12€ * T'a3€ . t21 . T21€Zk2zd . T23€Zk2zd . t21

Reflectivity r can be presented as the following.

r = at+b+c+---
= at+at+af+---
= a+ta(l+8+5+5+-)
o
= a+1—ﬂ

tiatorrozeRedty,

= T12 -
1 — 7o rogeihz=d

In which, depending on equation (2.41),

(1 4 719791 )rogeiZhe=d

1 — royrogei?hka=d
T1g + rozet?kazd

= . 2.42
1 _ 7«21T23612k22d ( )

ro= T2+
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the above equation is obtained. Intensity of reflectivity R is expressd in the next equation.

R=|rP=r-r* (2.43)

Equations (2.42) and (2.43) are used to calculate the reflactance of reflected light.
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2.2.2 Relationship between incident angle and reflectivity

The calculated results of reflectivity in the Kretschmann configuration are shown in Fig.
8. In this calculation, it is assumed that the Kretschmann configuration consists of a glass
with refractive index of 1.515 and gold film with refractive index of 0.20384-¢3.318 and an
air with refractive index of 1.000. The wavelength of illumination light is 632.8 nm.

One can see that the plot dips at the 44.04° in Fig. 8 (a); this is because excited surface
plasmons absorbed the energy of illumination light. The absorption angle is referred to as
the excitation angle of surface plasmon. This angle is strongly depends on the refractive
index of the medium which coveres on the metal surface. Based on these properties, it
is possible to measured the refractive index of a medium on the metal surface by using
the monitored absorption angle. Reflectivity for s-polarization can be calculated by using
Fresnel coeeficient for s-polarization. As shown in Fig. 8 (b), there are no absorption dip

for s-polarization because s-polarization can not couple to TM mode oscillation.
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(a) p-polarization

1.0

0.8

0.6

0.4

Reflectance

0.2

40 42 44 46 48 50
Angle (deg.)

(b) s-polarization

0.8 .

Reflectance

0.2 .

40 42 44 46 48 50
Angle ( deg.)

Fig. 8: Reflectance as a function of incident angle for p- and s-polarization.
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2.2.3 Relationship between thickness of metal film and reflectivity

The thickness of metal films affects the efficiency of energy transfer from excitation light to
surface plasmons. In this subsection, the relationship between thickness of metal film and
reflectivity is shown. Figure 9 shows the calculation results of reflectivity under different
thickness of gold films. In this calculation, it is assumed that Kretschmann configuration
consists of glass with refractive index of 1.515 and gold film with refractive index of
0.20384-:3.318 and air with refractive index of 1.000. The metal thickness is 27.47, 47.47,
and 67.47 nm, respectively. The wavelength of illumination light is 632.8 nm. Based on
these calculation shown in the Fig. 9, one can see that there are the different excitation
angles and that reflectivity depending on the thickness of metal film. If the thickness
is thinner than 47.47 nm, its excitation angle, the full width at the half minimum, and
reflectivity increase in the comparison between that of 47.47nm. If the thickness is thicker
than 47.47 nm, its excitation angle and the full width at the half minimum remain almost
the same, and reflectivity increases. Suitable thickness of metal film for Kretschmann

configuration is decided by its lowest reflectivity.

1,0 1 . 1 1 1 1 1 1 1 1

o

0.8

o
o

-
.
.

Reflectance

0.4 .
" Thickness (nm)

------- 27.46
0.2 — 47.46
- - - 67.46
0 L L L L
40 42 44 46 48 50

Angle ( deg.)

Fig. 9: Reflectance as a function of thickness of metal film.
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2.2.4 Relationship between refractive index of metal film and reflectivity

The type of metal film affects the full width at half minimum in the Kretschmann config-
uration. Figure 10 shows the plots of reflectivity versus the incident angle for silver and
gold film. In this calculation, it is assumed that Kretschmann configuration consists of
glass with refractive index of 1.515, silver film with refractive index 0.0666+1:4.045, gold
film with refractive index of 0.2038+:3.318 and air with refractive index of 1.000. Thick-
ness of silver and gold film are 54.43 and 47.46 nm. It can be seen that they have different
excitation angle 42.98 and 44.04°. The full width at half minimum for silver is smaller
than the gold. So that, the measurement sensitivity of the refractive index for silver is
higher than gold. Although gold film provides lower sensitivity it can bind with the thiol
group of biomolecules, so has advantage in preparing the substrate which is covered by

recognizing molecules for target bio-molecules.

e

Reflectance

46 48 50
Angle (deg.)

Fig. 10: Reflectance as a function of the silver and the gold film.
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2.2.5 Measurement principle of refractive index
It is assumed that Kretschmann configuration consists of glass, metal, and sample with
refractive indices of ng, n,,, and ng, respectively. The propagating constant k,, can be

approximately expressed by the equation below.

1
2 .2 )
\ Qg( nn? )
5P 2 2
c \n;, +n;

When surface plasmons are excited on the metal surface, spatial frequency of of the
light on the metal surface should equal to the propagating constant of metal. So that,

incident angle 6,, can be expressed by the equation below.

Ng.

Therefore, by using this equation, the refractive index on the metal can be measured
through the excitation angle of the surface plasmon.

To see the detail of this measurement, a medium with slightly higher refractive index
(1.002) is also assumed on the metal as a sample. Other parameters are the same with the
above calculations. Result is shown in Fig.11. Shift of absorption angle is ~ 0.11°. Form

the shift of excitation angle, the variation of reflective index can be monitored [73-75].
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1.0 T r .
Refractive index

— 1.000

Reflectance

43.0 43.5 44.0 44.5 45.0
Angle ( deg.)

Fig. 11: Reflectance versus angle for different dielectric mediums covering the metal

surface.
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2.2.6 Optical setup of a surface plasmon sensor

In this subsection, two kinds of surface plasmon sensor based on prism coupling are
introduced. Figure 12 shows an optical setup of a surface plasmon sensor, which consists
of prism, metal film, and array detector. The illumination light is converged on the
metal surface through the prism and the reflected light is detected by the array detector.
Detector element showing reflection minimum is found to measure the refractive index of

a sample on the metal surface.

Evanescent wave

Metal film

[llumination light
Array detector

Fig. 12: Angular model of a surface plasmon sensor.
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Figure 13 shows the other optical setup as known as the intensity model of a surface
plasmon sensor. It consists of prism, and metal film and photodetector. Light beat is
reflected on the metal surface through the prism and the reflected light is detected by
the photodetector. In this setup, incident angle of illumination light is fixed at a certain
angle near the excitation angle of surface plasmon. Intensity of reflected light at the fixed

angle is monitored to find variation of the refractive index on the metal.

Evanescent wave
Metal film .

Prism

&

[lumination light Photodetector

Fig. 13: Intensity model of a surface plasmon sensor.



Chapter 3 Localized surface plasmon

Sensor

3.1 Localized surface plasmon

Surface plasmon sensor is widely used in detecting molecular binding, because it has high
sensitivity and fast response to monitoring the refractive index variation that arise from
the interacting ligand and the target molecules. In the conventional surface plasmon
sensor based on prism coupling as shown in Fig. 14, excited surface plasmons propagate
along the metal surface. In typical cases, the propagating length of the surface plasmon
is about several tens of micrometers (about ~10 to 30 um ). Due to the propagation
of the surface plasmons, reducing the sensing region to a diffracted limit is impossible
without decreasing the sensitivity of the conventional surface plasmon sensor based on
prism coupling.

With regard to the development of this sensor, decreasing the sensing region to an
optical diffraction limit is one of the biggest concerns. Ultra small sensing volume can
decrease the requirement for a quantity of biomolecules as a target. With the reduction
of sensing volume, it is possible to detect biomolecular interactions from a sample with
tiny volume in one measurement.

In this chapter, a method to localize the surface plasmons excited on a flat metal
surface in an optical diffraction limit is demonstrated [76-78]. Technique for measuring
the change of refractive index by using ocalized surface plasmons and its basic optical

setup are introduced.
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Fig. 14: A conventional setup for the excitation of surface plasmons on a flat metal surface,

and its top view in which propagation of surface plasmons is illustrated.
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3.1.1 Excitation of localized surface plasmons

A surface plasmon sensor for measurements of refractive index on sensing surfaces are
recognized as useful tool to monitor bio-molecular interactions among proteins, DNA and
some other bio-related molecule. In development of this sensor, reducing the size of sensing
region without decreasing the sensitivity to an order of submicrometer is very difficult. A
method using localization of excited surface plasmons make it possible to obtain an ultra
small sensing region on a flat metal surface. In this subsection, the excitation of localized
surface plasmon is demonstrated.

Figure 15 (a) shows the optical setup for the excitation of a localized surface plasmon,
which is based on Kretschmenn configuration. It consists of an oil immersion objective
lens with a high numerical aperture, a cover glass with a high refractive index and a
metal film. Illumination light is focused on the metal surface by using the oil immersion
objective lens. Surface plasmons are coherently excited on the metal surface and localized
in the diffracted limit region because of their interference with one another. Figure 15 (b)
shows the electric field distribution on the flat metal surface; the excited surface plasmons

had gathered an ultra small size (~200 nm).
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Electric field distribution of a localized surface plasmon

AN
N4
2N

Localized surface plasmon

\ — Metal film

Cover glass\,I —
|
|

/

Oil immersion objective lense

[Mlumination light

Fig. 15: A setup for the localization of a surface plasmon excited in the microscopic region
on the flat metal surface, and its top view in which electric field distribution of a localized
surface plasmon is illustrated.



CHAPTER 3. LOCALIZED SURFACE PLASMON SENSOR 28

3.1.2 The calculation model of electric field distribution on a localized surface
plasmons
The focusing light illuminates the Kretschmennn configuration to excited the surface
plasmons by using an oil immersion objective lens, and which localize in the microscopic
regions [78]. To simulate the electric field distribution of a localized surface plasmon,
plane wave components of illumination light involved in the focusing light is traced,
the plane wave components superpose under the consideration of multiple reflection in
Kretschmennn configuration. Figure 16 shows the calculation model of electric field dis-
tribution of localized surface plasmon. As shown in Fig. 16, plane wave components are

involved in the focusing light. Figure 16 shows the multiple reflection in Kretschmennn

configuration.
z
X
Y
Metal film Water .
\ g / / /

/

Cover glass

Metal film

of illumination light

[llumination light

Fig. 16: The plane wave components of illumination light are involved in the focusing
light, and right view in which multiple reflection of illumination light in Kretschmennn
configuration is illustrated.
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Figure 17 shows an assumption which an electric field component E entered the oil im-
mersion objective lens. the light with linear polarization paralleled with y axis illuminates

the entrance plane O — p, which is divided as E, and Ej.

6
\ - x

X
I ; l XI).Spm

1.5pm

Fig. 17: (a) y component of electric field is divided as r, and 6 one. (b) Electric field E,
and Fjy are expanded as x, y, 2z ones.

E. = FEsinf (3.1)
Ey = Ecosf (3.2)

For the derivation of x, y, z components, E, passed the entrance pupil plane and tended
an angle of o from the optical axis at the focusing point area assumed, As shown in Fig.

17. All of the components of E, are expressed as follows.

E . = E, cosa (
E,,=FE.sina (
E., = E,;cosf (
E,, = E.;;sinf (

For the Fy component, which just has = and y component, they are shown as equation of

(3.7),(3.8).
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E@x = —Eg sin 6 (37)
Egy = E@ cos 0 (38)

In the equations above, E,, E,, E, components are expressed in equations (3.9),(3.10),(3.11).

E, = E,, + Eq, (3.9)
E, = E,, + Ey, (3.10)
E,=E,. (3.11)

According to equations (3.9),(3.10), and (3.11), equation (3.1)~(3.8) are substituted into
equations (3.12),(3.13), and (3.14).

E, = Esinfcosf (cosa — 1) (3.12)
E, = E (sin” 6 cos o + cos” ) (3.13)
E, = FEsinfsina (3.14)

In which, equations (3.12),(3.13), and (3.14) are amplitudes of electric field. A item of

phase e~ (k= +hkyy+k=2) ghould be included, so the components of electric field become the

following.
E, = Esinfcosf(cosa — 1) -exp{—i (k,x + kyy + k.z)} (3.15)
E, = E (sin®@cosa + cos® 0) - exp {—i (kox + kyy + k.2)} (3.16)
E, = FEsinfOsina-exp{—i(k,x + kyy + k.2)} (3.17)
And then,
Iy = |Eﬂc|2 + |Ey|2 + |Ez|2 (3.18)

the intensity of electric field is shown in (3.18) equation.
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3.1.3 Sensing probe regarding the polarization of illumination light

For the evaluation of sensing probe regarding the polarization of illumination light, the
distribution of electric field of localized surface plasmons was calculated by the above
mentioned model. Figure 18 shows the setup for excitation of a localized surface plasmon
illuminated by linear (a) and radial polarized lights (b). A wavelength of illumination light
and numerical aperture of objective lens are assumed 632.8 nm and 1.65. The refractive
indices of mediums are assumed the real measurement condition and are shown in Table
1.

(a) (b)

Substrate
N bt Bl(
[ 7 10 ]

I |
I |
I I

Oil immersion . ] -] .

objective lens

Fig. 18: (a) A conventional setup for the excitation of surface plasmons on the flat metal
surface. (b) Electric field distribution of a localized surface plasmon.

Table 1: Used refractive indices of mediums in calculation of electric field distribution

Medium Refractive index

Cover glass 1.78
Gold film  0.2038 + 3.318i
Pure water 1.330
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If an illumination light has linear polarization, E, components of electric field distri-
bution is shown in Fig. 19 (a) (pixel number 128 x 128, Size of image 500nm x 500nm),
One can see the two spots. In case of a radial polarization like that shown in Fig. 19
(b)(pixel number 128 x 128, Size of image 500nm x 500nm), there is one spot. If a light
with radial polarization illumined the setup, the sensing volume is smaller than the one
with linear polarization. This increases the resolution of refractive index measurement
compared with the linear polarization. So the light with radial polarization is utilized in

the real measurement.

100nm 0.573

[ T———

0.181 100nm

[

| E|2

® Iz

0.000

0.000

(a) Linear polarization (b) Radial polarization

Fig. 19: E, components of electric field distribution under the illumination light with
linear (a) and radial (b) polarization.
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3.1.4 Sensing volume of a localized surface plasmon sensor
To evaluate the sensing volume of real experiential setup of a localized surface plasmon
sensor, the electric field distribution produced by localized surface plasmons was calcu-
lated by superposing plane wave components involved in the focusing beam under con-
sideration of multiple reflection in the Kretschmann configuration. In order to simulate
the setup, an illumination light with the wavelength of 632.8 nm is assumed, while radial
polarization is given at the entrance pupil of the objective lens. The numerical aperture
of the objective lens is 1.65. For the substrate, a gold thin film with a refractive index of
0.2038+13.318 and a thickness of 44 nm on a cover glass with a refractive index of 1.780
is assumed [79,80]. Pure water with a refractive index of 1.330 is assumed to cover the
substrate surface. Figure 20 (a) and (b) show the simulated intensity distributions of an
electric field oscillating in z direction on xy and xz planes. The plots along the dot lines
of Fig. 20 (a) and (b) are shown in (c¢) and (d), as well. For the distribution shown in
Fig. 20 (c), the distance from the peak to the first minimum is ~ 180 nm. For that of
Fig. 20 (d), the distance with which the electric field intensity decays by a factor of 1/e?
is ~ 170 nm.

When it is assumed that the shape of the measurement probe is a cone having the
base with a radius of 180 nm and a height of 170 nm, the volume can be calculated as
~ 6 al. As shown in Fig. 21, this measurement probe is fully occupied by seven influenza

viruses, which have a diameter of ~ 100 nm.
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(b)

100nm 100nm

[ —

() (d)
0.6 : : 500

0 5 : 5
-250 0 250 0.6

Fig. 20: Intensity distributions of electric fields produced by localized surface plasmons on
(a) xy and (b) xz planes, respectively. The plots (c¢) and (d) represent intensity variations
along the dotted lines on the images (a) and (b).
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Sensing volume

Substrate

Fig. 21: Sensing probe can be assumed as a cone according to the calculation result of
electric field distribution, and it is illustrated with influenza viruses. The cone can be
occupied by seven influenza viruses.

3.2 Measurement method of refractive index employing a local-

ized surface plasmon

3.2.1 Measurement principle

In this subsection, the measurement principle of refractive index by using localized surface
plasmon is presented. Figure 22 shows the setup for refractive index measurement using
the localized surface plasmon and a typical spatial frequency spectrum at the exit pupil
plane recorded by a CCD. The radius of the dark ring ps, represents the propagating
constant of excited surface plasmons, which strongly depends on effective refractive index

on the metal surface. The radius p,, can be approximately expressed as follows:

N[

Py Real{% (M> } (3.19)

2 2
ny, +n;

In the equation, w, ¢, n,,, and ngs denote angular frequency, light speed in vacuum,
complex refractive index of metal film, and effective refractive index on the metal surface,
respectively. Variation of the effective refractive index on the metal surface is monitored

by analyzing recorded CCD images [81,82].



CHAPTER 3. LOCALIZED SURFACE PLASMON SENSOR 36

(a) (b)

Cover glass — IA/Metal film

/

[llumination light with Spatial frequency spectrum
quasi-radial polarization

Pupil plane

Fig. 22: (a) Optical setup for refractive index measurement by using a localized surface
plasmon and (b) spatial frequency spectrum at the exit pupil of an oil immersion objective
lens.

3.2.2 Optical setup of a localized surface plasmon sensor

Figure 23 shows the basic optical setup of a localized surface plasmon sensor. An He-Ne
laser is used as a light source. The expanded laser beam with linear polarization is focused
on a gold film by an oil immersion objective lens. The reflected beam is collected by the
same objective lens. To obtain spatial frequency distribution of the reflected beam, the
intensity distribution at the exit pupil of the objective lens is imaged onto a CCD device.
The image recorded by the CCD is transferred to a PC, and is processed to measure the

local effective refractive index on the metal surface.
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Fig. 23: A basic optical setup of a localized surface plasmon sensor.
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Chapter 4 The measurement stability

In the experiment for virus detection using the conventional surface plasmon sensor from
the previous researches [83—-87], several liquids were injected into the flow cell. The refrac-
tive index variation was monitored in real time. In the experiment, detection time was
typically ~ 60 min., the sensitivity was ~10~%, and high stability after liquid injection was
required. At the initial stage of the study, stability by using a prototype of the localized

surface plasmon sensor was checked.

Absorbtion partterns in the pupil image

L\

1.354¢

Oil evaporation |
is happend

1.342¢

Effective refractive index

—
98]
O8]
=]

o 30 60
Time (min.)

Fig. 24: Tlustrated plot of refractive index variation using a prototype localized surface
plasmon sensor. Absorption patterns at pupil plane image in different time are inserted
inside.

Figure 24 illustrates a typical variation of the refractive index after one shot injection
of pure water. The illustration shows that the refractive index gradually increases in
the initial ~20 min., and then becomes stable. Stable variation is required after liquid
injection in process of virus detection. Because of oil evaporation, detection time should
be limited in one hour. This means the available time for virus detection is just 40 min.,
and this cannot meet the requirements. After checking the pupil plane image, it was
found that the absorption pattern is blurred from the initial one. It was caused by stage
drift. Detailed analysis is described in the part of this chapter.

Figure 25 illustrates a typical variation of the refractive index after several times of

injecting pure water. The illustration shows that the refractive index gradually increases
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Fig. 25: Illustrated plot of refractive index variation using a prototype localized surface
plasmon sensor after several times of liquid injection.

after the initial injection of pure water, which did not happen from the second time
injection. Some times after liquid injection, jump increases in refractive index appear in

the plot. How to resolve this problem is described in the this chapter.
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4.1 Correction method of substrate drift

To evaluate the relationship between the problem of substrate drift and refractive index
variation, the pupil plane image was checked. Figure 26 (a) shows the substrate located
at focusing plane. The pupil image is illustrated in Fig. 26 (c¢). Figure 26 (b) shows the
case in which the substrate is located lower than its original position. The pupil plane
image is illustrated in the Fig. 26 (d). One can see that the absorption pattern in Fig.
26 (d) is wider and bigger than the one in Fig. 26 (c). The measured refractive index
in the case of substrate movement as shown in Fig. 26 (b) is lagger than the original
one. This condition causes the increase in refractive index, as shown in Fig. 27. This
happens in most case of measurement after pure water injunction. In contrast, a decrease

in refractive index rarely appeared in my experiment.

(a) (b)

Focusing Substrate
plane =~ =T o mEEmEEEEEEEEsEssss

T > >
/

Objective lens
/ ”
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(d)
. . Exit pupil
Exit pupil image
image

Original Radius of obsorption pattern
is larger than original one.

Original
position

Fig. 26: (a) Substrate located in the focusing plane. (b) Substrate located lower than
its original position. (c) and (d) are illustrated pupil plane images under the (a) and (b)
situations.
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Fig. 27: Tllustrated refractive index variation in the initial 10 minutes using a prototype
of a localized surface plasmon sensor.
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In order to remove the negative influence of the substrate drift, a confocal method
was used to correct the position of the substrate during the measurement after liquid
injection. Figure 28 shows the correction principle of a substrate drift using a confocal
optical system. In this method, reflected light is focused on a point. A detector is placed
at the focusing point, as in Fig. 28 (a), and connected with an voltage meter to monitor
the intensity of focusing light. If a substrate drifts from the original position, as in Fig.
28 (b) and (c), reflected light is converged or diverged, and then the intensity of reflected
light as the focusing point decreases. An illustration of intensity as a function of position
of a substrate is shown in the Fig. 29. According to the measured intensity of reflected

light, a single is manually given to piezo stage for the correction of a substrate position.

(a) (b) (©)

Focusing Substrate
plane = = m—— - I
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Fig. 28: Substrate correction by using a confocal optical system.
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Fig. 29: Intensity variation regarding the position of the substrate.

Figure 30 shows an experimental result, in which pure water is injected and effective
refractive index is measured under the substrate correction using the confocal method.
One can see a very stable variation of effective refractive index. The averaged value
of refractive index and standard deviation are 1.33000 and 6 x 107°, respectively. The

measurement stability meets the requirement for virus detection.
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Fig. 30: Refractive variation under the correction of a substrate drift by confocal optical
system.



CHAPTER 4. THE MEASUREMENT STABILITY 45

4.2 Improvement of measurement stability after liquid exchange

Figure 31 shows the experimental result, in which pure water is injected per ~10 minutes
and effective refractive index was measured in the 45 minute. The vertical axis was
calibrated by using pure water in the initial condition. One can see that there is a
jump increase in the variation of effective refractive index after liquid exchange. In this
experiment, a flow cell covered the substrate to supply the liquid to the sensing region, as
shown in Fig. 32. The flow cell was produced by using the polydimethylsiloxane (PDMS)
material by an optical method; the flow cell has a channel as a reservoir, as shown in
Fig. 32. Pure water was pushed into the flow cell, and then pure water covered the
sensing surface. If the size of a reservoir is too narrow, pressure of the injected liquid
becomes high. Thus, a jump increase in effective refractive index appears. Consequently,
larger reservoir is potentially contribute to stabilise the measurement of effective refractive

index.

Water Water Water Water
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Fig. 31: Refractive index variation after liquid exchange.
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Fig. 32: PDMS flow cell covers the substrate to supply a liquid into the sensing region.

In order to avoid the influence of pressure increase, the flow cell was changed to the
one shown in the Fig 33. The flow cell was produced by using a teflon material and a

reservoir with ~ 30 ul by the mechanical fabrication.
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Fig. 33: Teflon flow cell covers the substrate to supply a liquid into the sensing region.
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Figure 34 shows the variation of effective refractive index from 8 times injection of
pure water in 45 minutes. Gray stripes indicate the timing of liquid injections. The
vertical axis was calibrated by using pure water in the initial condition. One can see a
stable variation of effective refractive index after liquid exchange. The averaged value
and standard deviation are 1.3300 and 4 x 10~%, respectively. The measurement stability

meets the requirement for virus detection.
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Fig. 34: Refractive index variation after liquid exchange in the teflon flow cell.
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In the experiment for virus detection, different liquids are sequentially injected into
the flow cell. In order to see influence of replacing the liquids, pure water and phosphate
buffer saline (PBS, pH=6.1) were alternatively injected into the flow cell for a duration of
~ 1 hour. The experimental result is shown in Fig. 35. Injected liquid is shown at the top
of the plot. The vertical axis was calibrated by using pure water in the initial condition.
It can be seen that effective refractive index has a big change after PBS injection. I think
that some volumes of liquid remained in the reservoir of the flow cell, which affected the

value of effective refractive index of following liquids.
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Fig. 35: Refractive index variation after liquid/PBS exchange in the teflon flow cell.
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To resolve this problem, reservoir should be modified to straight-groove shape. Re-
garding the volume of the reservoir, it is difficult to produce the several ul by using the
mechanical method. I selected a flow cell with combined PDMS and teflon components

as shown in Fig. 36; it has a reservoir with ~ 2.5 ul.

In
Attach Teflon
Substrate /
—
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Reservoir Out l
A = |
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Fig. 36: A flow cell with combined teflon and PDMS components to supply a liquid into
the reservoir.
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Figure 37 shows the plot of refractive index variation by 8 times injections of pure water
in the 45 minute time frame. The gray stripes indicate the timing of liquid injections in
the plot. The average of effective refractive index and standard deviations are 1.3300 and

8 x 1075, respectively.
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Fig. 37: Refractive index variation after injecting pure water 8 times in the 45 minute
time frame.
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Next, the pure water and PBS was alternately injected for 8 times in 45 minutes time
frame. Figure 38 shows the measured effective refractive index versus time. The gray
stripes indicate the timing of liquid injections. The vertical axis was calibrated by using
pure water in the initial condition. The average of effective refractive indices for pure
water and PBS are 1.3300 and 1.3318, respectively, and their standard deviations are
2 x 107* and 4 x 107, respectively. The measurement stability after liquids exchange

meets the requirements for virus detection.
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Fig. 38: Refractive index variation after alternatively injecting pure water and PBS.



Chapter 5 Detection of influenza virus

A fast and highly sensitive method to determine subtypes of influenza viruses is important
in medical institutes dealing with infectious diseases. In this chapter, a method based
on localized surface plasmon sensor used to determine a subtype of influenza virus using
antigen-antibody interactions is presented. In this method, variation of effective refractive
index that arises from interactions between viruses and their monoclonal antibodies is

measured in real time.

5.1 Preparation of influenza viruses and antibodies

5.1.1 Preparation of influenza viruses

For the detection of influenza viruses with specific subtypes, A/HIN1 and A/H3N2
viruses were employed, and they were prepared through the following processes. Influenza
virus strain A /Puerto Rico/8/34 (A/PR8; A/HIN1) and A/Guizhou/54/89 (A/Guizhou;
A/H3N2) were grown in the allantoic cavities of 10- to 11-day-old fertile chicken eggs.
Each virus was purified from the allantoic fluids by differential centrifugation through
a 10 to 50% sucrose density gradient and pelleted. The virus was resuspended in PBS
and quantified by a BCA protein assay kit (Thermo Fisher Scientific, Yokohama, Japan)
according to the manufacturer’s instructions. The viral solution was diluted to 1 mg/ml

of total protein and treated with 0.1% formalin at 4°C for a week to inactivate the virus.

5.1.2 Preparation of biotinylated monoclonal antibodies

In order to produce a surface that interacts against influenza viruses with certain sub-
types, monoclonal antibodies were prepared. A hybridoma producing specific antibody
against hemagglutinin (HA) of A/PR8 was propagated in serum-free Hybridoma-SFM
media (Gibco, Tokyo, Japan) using a culture flask CELLine CL-1000 (BD Bioscience,
San Jose, CA). A/PR8 HA-specific monoclonal antibodies were purified from culture su-
pernatants by ammonium sulfate precipitation followed by affinity chromatography using
rProtein A Sepharose Fast Flow (GE Healthcare, Tokyo, Japan) according to the man-
ufacturer’s instructions. The purified monoclonal antibodies were dialyzed against PBS,
and the purity was determined by SDS-PAGE with Coomassie Brilliant Blue Staining.
Biotinylation of this antibody was performed by the use of a Biotin Labeling Kit-NH2

(Dojindo, Mashiki, Kumamoto) according to the manufacturer’s instructions.
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5.2 Substrate fabrication

In order to produce a surface that interacts against influenza viruses with certain sub-
type, monoclonal antibodies are fixed on the surface. Figure 39 shows the structure of
the sensing surface. On the gold surface of Kretschmann configuration described in the
calculation part, avidin (Pierce Avidin 21121, Thermo Scientific, USA) molecules form a
monomolecular layer by thiol binding, and biotinylated monoclonal antibodies cover the

avidin layer by the avidin-biotin interactions.

ﬂ» Influenza virus O_ut>

Biotinylated monoclonal antibody

N \
wegnY Y Y Y Y

Coverglass

Fig. 39: Structure of the sensing surface for detecting influenza viruses with certain sub-
type. The surface of the gold film of Kretschmann configuration is covered with avidin
molecules to hold biotinylated monoclonal antibodies.

To fabricate the surface of substrate, avidin dissolved in PBS (0.1 mg/ml) is injected
into the flow cell, and then PBS is injected to discharge the free avidin molecules from the
flow cell. Antibody dissolved in PBS (0.022 mg/ml) is also injected by the same procedure.
The monoclonal antibodies for A/HIN1 virus are immobilized on the sensing surface.

Effective refractive index on the gold surface is monitored during these procedures.
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5.3 Optical setup for detecting the influenza virus with a specific

subtype

Figure 40 shows the optical setup of a localized surface plasmon sensor. A He-Ne laser is
used as a light source. The expanded laser beam with linear polarization passes through
ZPol (Nanophoton, Japan) and is converted to quasi-radial polarization. The beam is
focused on a gold film by an oil immersion objective lens. The reflected beam is collected
by the same objective lens. To obtain spatial frequency distribution of the reflected beam,
the exit pupil of the objective lens is imaged onto a CCD device. The spatial frequency
distribution is analyzed to extract the propagating constant of excited localized surface

plasmons, which is affected by the refractive index on the metal surface.

He-Ne
laser

Pupil plane

Cover glass

Gold film

— Out

Oil immersion objective lens Flow cell

Fig. 40: Optical setup of the localized surface plasmon sensor.
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5.4 Determination of influenza virus A/H1N1 from A/H3N2

Figure 41 shows variation of effective refractive index during an experiment on A/HINTI.
In this experiment, the measurement started with pure water to calibrate the sensor, and
then the substrate was fabricated against the HIN1 viruses after the injection of PBS.
At the timing shown as gray stripes in Fig. 41, avidin and biotinylated antibodies were
injected as described in the previous section. The volume of each injection was 100 ul.
After discharging free antibodies from the flow cell, effective refractive index was measured
as ~ 1.3385.

After the fabrication of sensing surface, A/HINI viruses (0.05 mg/ml) were injected
with the volume of 100 pl. After the injection of viruses, one can see that the effective
refractive index rapidly increased by ~ 0.0115, which is ~ 30 times larger than the
standard deviation found in the experiment to clarify the sensor stability. It was also
found that the effective refractive index saturates at the similar value in the several
measurements under the same condition. Therefore, it can be supposed that the increase

of effective refractive index arises from ~ 7 viruses which bind at the sensing region.
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Fig. 41: Refractive index variation for the detection of HIN1 viruses.
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Figure 42 shows an experiment on A/H3N2. The substrate was fabricated using the
same procedures for the detection of HIN1 virus, and A/H3N2 viruses (0.05 mg/ml)
were injected with the volume of 100 pl. One can see a smaller increase of refractive
index than that of A/HIN1. After injecting PBS to exchange solution in the flow cell,
refractive index returned to the value measured before the virus injection. From these
experiments, it was confirmed that the sensor respondeds only to A/HIN1. Consequently,

the developed sensor can be used to determine the subtypes of influenza viruses.
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Fig. 42: Refractive index variation for the detection of H3N2 viruses.



Chapter 6 Nasal swab specimen

Influenza viruses are a major cause of respiratory tract infection, which results in mortality
and financial loss. Nevertheless, fast diagnosis of influenza viruses with specific subtypes
has not been established yet. The fast diagnosis can improve medical management by
allowing timely provision of antiviral therapy and prevention of infectious diseases. To
evaluate the applicability of a localized surface plasmon sensor to diagnosis used in the
real world, nasal secretions are collected from uninfected person; the secretions contained
no influenza virus. Specimen prepared by nasal swab was measured to see influence from

contamination. Details are presented in this chapter.

6.1 Preparation of a nasal swab specimen

The nasal swab is widely used in diagnosis of the influenza virus in clinics. A nasal
swab specimen was prepared through the following processes. The nasal secretions were
collected from an uninfected person as shown in Fig. 43 (a). A swab was gently inserted
into the nostril straight back, along the floor of the nasal passage until reaching the the
posterior wall of the nasopharynx. The swab was rotated several times, and withdrawn
back from the nostril. To dilute the nasal secretions in the PBS, the swab is put into
the tube having PBS with volume of 300 pl, as shown in Fig. 43 (b). After stirring the
liquid with the swab several times, the swab was removed from the tube. The diluted
nasal swab was centrifuged to exclude the some of the contaminants with large sizes, as
shown in Fig. 43. Finally, the supernatant liquid was collected. The collected liquid was

used as the nasal swab specimen and was applied in the experiment.
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Fig. 43: Preparation processes of a nasal swab specimen.
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6.2 Detection of a nasal swab specimen

The substrate was fabricated under the same condition as that of HIN1virus detection.
Monoclonal antibodies for HIN1 virus were immobilized on the sensing surface. Figure 44
shows the variation of effective refractive index after injection the of nasal swab specimen.
The measurement of effective refractive index started from pure water to calibrate the
localized surface plasmon sensor, and then PBS was injected to start the substrate fab-
rication. After substate fabrication, the effective refractive index increased to ~1.3382;
this value is reliable. The nasal swab specimen with 100 ul was injected and followed
the three times injection of PBS to exclude the contaminants from the sensing region.
The effective refractive index increased at ~0.002. The increased value after injection of
HIN1 under the same condition is a factor of 6, comparing with that of the nasal swab
specimen. If a nasal swab specimen contains influenza viruses with a specific subtype, it

is possible to detected the viruses by using the proposed method.

Avidin Monoclonal antibody

PBS| PBS PBS A/HINI PBS PBS PBS
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Fig. 44: Refractive index variation for evaluating the applicability of developed sensor to
medical diagnosis.



Chapter 7 Summary

In this thesis, I have proposed a bio-sensing method to detect influenza viruses with spe-
cific subtypes employing localized surface plasmons excited in the optical diffraction limit
on a flat metal surface. In this method, localized surface plasmons are applied to measure
the refractive index variation that arise from interactions between influenza viruses and
their monoclonal antibodies which are immobilized on the metal surface. Potential devel-
opments in the near future are also considered. The calculation parameters are assumed
according to real experiments for virus detection, and the theoretical calculated result has
shown that the sensing volume of the localized surface plasmon sensor in this application
is ~ 6 al.

The measurement stability of the localized surface plasmon sensor has been improved
to satisfy the requirements in the detection of influenza viruses by substrate correction
and improvement of flow cell. Stability of refractive index in the order of 10~* has been
achieved in the measurement having liquid exchange processes.

The determination of the subtype of influenza virus has been demonstrated. In this
demonstration, the monoclonal antibodies of A/HIN1 were immobilized on the sensing
surface. The increase in effective refractive index arose from interactions between influenza
viruses of A/HINT1 and the antibodies on the sensing surface. In the experiment, specific
detection against A/HIN1 has also been also confirmed from A/H3N2 as a contrast sam-
ple. The response of the antigen-antibody interaction was measured at real-time. The
influenza virus (A/HIN1) was rapidly identified by employing its monoclonal antibodies.
It has been suggested that a localized surface plasmon sensor has the potential to detect
a single influenza virus.

To evaluate the applicability of the developed sensor, a nasal swab specimen was
prepared. In the experiment, substrates were fabricated under the same condition as that
of A/HINI virus. The monoclonal antibodies for A/HIN1 virus were immobilized on
the sensing surface. Effective refractive index on the gold surface was monitored during
these procedures using the developed sensor. After injection of nasal swab specimen,
the refractive index increased by ~0.002. The increased value after injection of HIN1 is
~6 times larger than that of the nasal swab specimen. The developed localized surface
plasmon sensor was possible to determine influenza virus in the specimen prepared by

using nasal swab.
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