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ABSTRACT

DESIGN AND CONSTRUCTION OF PORTABLE LOCALIZED
SURFACE PLASMON RESONANCE DEVICE FOR DETECTION OF
BIOLOGICAL MOLECULES

Point-of-care devices giving rapid results in non-laboratory settings have become
important for biosensor applications in a wide range of fields including medical, food,
agriculture and pharmaceutical. This work aims to produce a portable device based on
localized surface plasmon resonance spectroscopy (LSPR-S) as a potential biosensor
platform that can be used in non-laboratory settings for rapid detection of biological
molecules at high sensivity.

The thesis can be divided into two parts: In the first part, the design and
construction of the device including both the mechanical and electronic parts are
presented. The mechanical section includes the integration of the parts to build the device
and microchannels designed with the aid of a three-dimensional drawing program Solid
Works 2015®. The second step of the construction process was the installation of
electronic components onto the device. The electronic part consists of a light source, fiber
optic cables, a spectrometer and a temperature sensor. In conclusion, a portable LSPR-S
device with an integrated microchannel system has been produced, which potentially
allows analysing low volumes of sample without the need to label the molecules.

The second part of the thesis covers the studies towards the preparation and
application of sensing platforms for the LSPR-S device constructed to enable the rapid
detection of biological molecules at high sensitivity. These included the preparation of
gold nanorods and nanoparticles-based LSPR detection of model antibody-antigen and
bacteria- bacteriophage interactions, respectively. Studies conducted in this section have
led to the conclusion that the LSPR-based biosensor platforms developed in this thesis

are promising solutions to overcome current challenges in biosensor applications.
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OZET

BIYOLOJIK MOLEKULLERIN TESPITI ICIN TASINABILIR
LOKALIZE YUZEY PLAZMON REZONANS CIHAZININ TASARIMI
VE IMALATI

Laboratuar ortami disinda hizli sonuglar veren hasta basi cihazlar saglik, gida,
tarim ve ilag gibi genis bir yelpazede biyosensdr uygulamalari i¢in 6nemli olmugtur. Bu
calisma, yiiksek hassasiyette biyolojik molekiillerin hizli tespiti ig¢in laboratuar dist
ortamlarda kullanilabilecek potansiyel bir biyosensor platformu olarak lokalize yiizey
plazmon rezonans spektroskopisine (LSPR-S) dayanan tasinabilir bir cihaz liretmeyi
amaclamaktadir.

Bu tez 2 kisma ayrilmistir: Tezin ilk kisminda, cihazin mekanik ve elektronik
kismindaki pargalarin tasarimi ve iretimi gosterilmektedir. Mekanik boliim cihazin
pargalariin {i¢ boyutlu ¢izim programi Solid Works 2015 yardimiyla ¢izildikten sonra
iiretilmesi ve mikro-kanallarin mekanik kisma entegrasyonunu igerir. Uretim prosesinin
ikinci kismi elektronik aksamlarin cihaz iizerine montajidir. Elektronik kisim; 1s1ik
kaynagi, fiber optik kablolar, spektrometre ve sicaklik sensdriinden olusmaktadir.
Sonugta, potansiyel olarak molekiilleri isaretlemeye ihtiya¢ duymadan diisiik hacimlerde
orneklerin analizine imkan saglayan mikrokanal sistemi entegre edilmis portatif bir
LSPR-S cihazi iiretilmistir.

Tezin ikinci kismi, biyolojik molekiillerin yiliksek hassasiyetle hizli bir sekilde
tespit edilmesini saglayan LSPR-S cihazi icin sensér platformlarinin hazirlanmasi ve
uygulanmasina yonelik c¢alismalart kapsiyor. Bunlar, altin nanorodlarin ve altin
nanoparcaciklarin hazirlanmasini ve sirastyla antikor-antijen ve bakteri ve bakteriofaj
iliskilerinin LSPR temelli tespitini igermektedir. Bu boliimde yapilan ¢alismalar, bu tezde
gelistirilen LSPR esasli biyosensor platformlarinin, biyosensér uygulamalarindaki

mevcut zorluklarin listesinden gelmeye umut verici bir ¢6ziim olduguna karar verilmistir.
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CHAPTER 1

INTRODUCTION

This thesis focuses on the construction of a portable localized surface plasmon
resonance (LSPR) spectroscopy device for rapid detection of intermolecular interactions
between biological molecules in non-laboratory settings. Also, it accordingly covers the
production of gold nanorod and gold nanoparticle-based nanobiosensors for detection of
biological molecules such as a sialic acid residue overexpressed in certain cancers and
bacteria, respectively. The second chapter of the thesis gives background information
about biosensors and LSPR spectroscopy including working principles of biosensors,
types of biosensors, theory of LSPR, and literature review of LSPR spectroscopy. Chapter
3 describes the experimental methods used in construction of the LSPR device and
preparation of nanobiosensors. Chapter 4 gives the results obtained throughout the study
and their discussions. Chapter 5 summarizes the conclusions derived and future

recommendations.



CHAPTER 2

BACKGROUND

2.1.What is a Biosensor?

Biosensors are analytical devices that convert a biological response into an
electrical signal also, allows rapid and cheap analysis of characteristic properties of
materials. Their applications include detection of organisms, and biological molecules,
disease monitoring, and drug discovery and also detection of presence of environment
pollutants'. Biosensor technology is growing fast combining biological, chemical, and
physical sciences together with engineering for broad range of applications®. The first
term of biosensor was introduced in 1956 by L. C. Clark, Jr who is also inventor of Clark
electrode®. Enzyme electrode was later suggested by Clark and Lyons in 1962*. This was
followed by the development of functional enzyme electrodes for glucose detection’.
Guilbault and Montolva® were then discovered potentiometric enzyme biosensor to detect
urea. Finally, first commercial biosensor based on Clark’s glucose analyser idea was
produced in 1975 by Yellow Springs Instrument Company (YSI)’. In the late 1970s,
several other authors pave the way for arising new concept of biosensors. Table 1 displays

the historical review of biosensors in between 1970-1992 years.



Table 2.1. Important events in the development of biosensors throughout history!

1970 Discovery of ion-sensitive field-effect transistor (ISFET) by Bergveld?.

1975 Fibre-optic biosensor for carbon dioxide and oxygen detection by Lubbers

and Opitz’.

1975 First commercial biosensor for glucose detection by YSI'.

1975 First microbe-based immunosensor by Suzuki et al'’.

1982 Fibre-optic biosensor for glucose detection by Schultz!!.

1983 Surface plasmon resonance (SPR) immunosensor by Liedberg et al'.

1984 First mediated amperometric biosensor: ferrocene used with glucose
oxidase for glucose detection'?.

1990 SPR-based biosensor by Pharmacia Biacore’.

1992 Handheld blood biosensor by i-STAT®.

2.2.The Working Principle of Biosensor

In general, biosensor consists of two main components; a bioreceptor and a
transducer. Bioreceptor is a biomolecule such as enzymes, antibodies, cell, nucleic acid
that is used to recognize the analyte which is the target molecule for receptor. Transducer
is a second equipment of biosensor that is used to convert biorecognition events into
measureble signal'4,

The biosensor working mechanism is displayed in Figure 2.1. Firstly, analyte
diffuses from bulk solution to the bioreceptor immobilized sensor and react selectively
with bioreceptor. This event causes a change in properties such as optical, electronic etc
depending on transducer used. The modification in biosensor surface is converted into a
signal that is processed and displayed by a transducer such as optical, calorimetric, and

electrochemical®.
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Figure 2.1. Schematic representation of working principle of biosensor1

2.3.Characteristics of a Biosensor

Basic characteristics of biosensor includes mainly four parameters. These are'®;

Linearity: It is the variety of analyte concentration. Linearity of the sensor should

be high for the detection of high and low substrate concentrations.

Sensitivity: It is known as one of the important properties of biosensors.

Sensivity is the response of the sensor to analyte concentration‘s unite change.

Selectivity: Presumably, it is the most significant charecterictic of biosensors.

Selectivity is the ability of sensor to detect target analyte.

Stability: It is defined as a change in its baseline over a required long time
incubation period.

In addition to above parameters, there are also some other significant features

required when a biosensor is designed. These are response time, reproducibility, detection

limit and life time. In addition to these factors, a biosensor ought to be cheap, easy to use,

biocompatible and durable under hard conditions'”.



2.4.Applications of Biosensors

Biosensors have various applications including detection of industrial toxins and
chemicals, military and defence industry'®, drug discovery and more. One of the major
application fields of biosensors is in diagnosis of diseases'®. For example, electrochemical
biosensors can be used for detection of protein based cancer markers®’. Also biosensors
can be used as a tools for monitoring presence of bacteria in foods to ensure food quality,
safety?!, nutritive values ?! and food presentableness ?2. There are also numerous studies
on environment monitoring® to determine pollution level in air**, land®’, water?. In
addition, biosensors are helpful to measure various ions in fermentation products,
microorganisms products such as hormones, vaccines, single cell proteins?’-?%. Examples

of application areas of biosensors are schematically shown in Figure 2.2

Prosthetic Disease
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Figure 2.2. Basic application fields of biosensors!



2.5.Types of Biosensors

Biosensors are categorized according to the working principle of their transducers.
Most known transducers are classified into three groups: electrochemical, optical and
piezoelectric?®. Each classes of transducers has sub-classes. Also, with technological

progress, new types of transducers have been developed.

2.5.1.Electrochemical Biosensors

Electrochemical biosensors are the most widely used class of biosensors. They
are the first commercialized biosensors, introduced first by Clark and Lyons®®. The
working principle of electrochemical biosensors are based on the conversion of the
chemical information, which is produced by the biorecognition event of biomolecules
immobilized on the sensor surface and target analyte into measurable electrical signal®!"”
32, Most common types of electrochemical biosensors are potentiometric, amperometric

and voltammetric biosensors>'- 3.

2.5.2.Piezoelectric Biosensors

Acoustic wave biosensors or piezoelectric biosensors use the piezoelectric effect
and transform pressure orforce to an electrical signal. Working principle of this kind of
biosensor is based on the detection of the change in the mass density on piezolectric
crystal**. They are cheap devices and do not require expensive electronic equipments for

processing data. Their small size and flexibility offer real-time detection of diseases >°.



2.5.3.0ptical Biosensors

When compared with other types of biosensors, optical biosensors present more
options for detection methods such as absorbance, fluorescence, luminescence,
reflectance, light scattering, or refractive index*®. They also provide vast opportunities
which conventional methods do not offer, such as high sensivitiy, selectivity, real time
and label-free detection of many materials®’. Optical biosensors have been used in health
care, biomedical research area, analysis of wide variety of biological materials and
homeland security®®. Schematic illustration of optical biosensors is displayed in Figure
2.3%7. Most widely known optical biosensors are surface plasmon resonance biosensor

(SPR) and localized surface plasmon resonance biosensor (LSPR).

Yooy W A

* SPR an
b- } e Antibady 5PR and LSPR
s interTerometers
- I'-"‘.'. Prodein [J\I [
-t —l/ * Reionaton -
1 =
LR Rugheid acid ." l'_.r_l.l'__LJJ_I.J_I'__LIJ
o Geatings { R T ‘1&_\

- ' Receptor

= Refractomelen

Coll gte
" 4 ' \ J Y
Sample >| B:loremgnﬁmeaemnl>| Optical transducer > Signal output >

Figure 2.3. Operation Principle of Optical Biosensors®’

2.6.Localized Surface Plasmon Resonance (LSPR)

This thesis focuses on one of the types of optical sensors that is namely Localized
Surface Plasmon Resonance (LSPR). The theory behind the localized surface plasmon
resonance is that the sum of absorption and scattering of light in nanoparticles induces
the loss of intensity of light that is called extinction. The electric field of incident light
with metallic nanoparticles constitutes oscillation from collective electron cloud*. This
oscillation is called plasmons, in other words, plasmon is a collective oscillation of free

electron in accordance with positive ions on metal surface®.



When plasmons oscillate around nanoparticle surface with a frequency, it is then
called localized surface plasmon (LSP) (Figure 2.4A). On the other hand, plasmons are
confined on metal or oscillation of plasmons in the form of propagating along the metal

surface is called surface plasmon polariton (SPP) (Figure 2.4B)*!.

Figure 2.4. Surface Plasmon Polariton (a) Localized Surface Plasmon(b)*!

2.7.Localized Surface Plasmon Resonance Spectroscopy

Localized surface plasmon resonance spectroscopy is considered to be one of the
new generation powerful techniques in nanotechnology and sensing platforms. LSPR
spectroscopy presents as an alternative method for various fields*’. For example, to detect
HE4 that causes ovarian cancer, anti-HE4 antibody was used as probe on LSPR surface
and the detection limit of HE4 was found to be 4 pM, which indicates well that LSPR can
be used to detect low concentrations of analytes*.

LSPR has advantage of providing high sensitivity of refractive index changes,
label-free detection, real-time measurements, reproducibility using nanostructure
substrates, and low cost**. These advantages make Localized surface plasmon resonance
spectroscopy amenable to various fields, such as medical, food safety, environmental
monitoring and drug screening®’.

Sensing principle of LSPR spectroscopy is based on wavelength-shift that is
caused by the environmental dielectric change resulting from molecular binding events*.
Also, LSPR peak position is correlated with composition, dimension, and shape of
nanomaterials and inter-particle distance of the metallic nanostructures*’. By changing,
the parameters that mentioned above, sensitivity and selectivity of LSPR can be

modulated or the size of LSPR spectrometer can be minimized.



There are two widely used running modes of localized surface plasmon resonance

spectroscopy. These modes, transmission and reflection, are illustured in Figure 2.5%2.

[ Spectroscope J I{_ Spectroscope J
a— ‘-.\‘
Detector 3
‘ ..‘.' "‘I. N a
Light source with
- T T \, ; " A integrated detector
Substrate | ] » " 8 i Fé ,f/. TR
, N — S
i
p L]
-
- - YT T T
[ Light source ]/ Substrate —» | ]

Figure 2.5. Illustration of working modes of LSPR system, transmmision (left), and
reflection (right)*

2.8.Theory of Localized Surface Plasmon Resonance (LSPR)

Metallic nanoparticles such as gold and silver display a strong optical extinction
in visible and near-infrared fields and produce LSPR event that is sensitive to surrounding
medium®®. The intense and strong signals in all surface-enhanced spectroscopies are due
to LSPR excitation with selective absorption wavelength*’. The Mie developed a
convenient approach for approximation of the extinction of a metallic nanoparticle in the

long wavelength®.

& () 2.1)

Vo = (4n/3)R3, w is the angular frequency of the extinction radiation, &, is the
dielectric constant of the medium surrounding the metal nanoparticles, £; and &, are real
and imaginary parts of the dielectric function of the metal nanoparticles, respectively®'.
It is clearly known that LSPR spectrum is highly dependent on metallic nanoparticles
shapes. For example, gold nanorods display high sensitivity over other particles shapes.
Due to this reason, further equation for non-spherical metallic nanoparticles was shown

in Equation 2.2%%-3,



ey L)

g, =—E&
YT L e+{a-pym) e

Jj 1s the three dimensions of the particle , P; is a depolarization factors and has three

sub-class succesively P4, Py, and P->*. The depolarization factor changes &; and &,, and

resulting LSPR peak frequencies are displayed in Equation 2.2.

1—-e?11 . 1+e (2.3)
Fa= e? [Zln(l—e)_l]
1-P,
PB:PC= 2

e is aspect ratio R of the particle '733-,

1
. [1 ) (g)z] /2 _a _%)1/2 (2.4)

Equation 2.2 caused arising of two peaks. The first peak is related to transverse
plasmon peak from x- and y-axes, and the second peak belongs to longitudinal plasmon
peak from z-axis contribution.

In addition, it enables us to find out how to change aspect ratio on LSPR peak
position. &, is the dielectric constant of metallic nanosphere. Because of this reason, red
shift of LSPR peak occurs and also it contribute to increment of sensitivity to the dielectric
constant of the surrounding medium*’. In Equation 2.6 the relationship between LSPR

peak and dielectric function of the surrounding medium is displayed”’.

w,” (2.5)

w? +y?

5121—

wy, 1s a plasmon frequency, y is the damping factor of the bulk metal. When y is smaller
than w,, Equation 2.6 is transformed into Equation 2.7 that is more simple form,

represented as*’,

10



g=1-— 2.6
1 0l (2.6)
When resonance conditions (&; = —2¢&;,,,), are applied on equation 2.6, equation
2.7 is obtained*.
_ Y (2.7)

£ -
" e +1
m

Wmax 18 a frequency of the LSPR peak, wavelength frequency is A = 2zc/w, and
dielectric constant of refractive index &,, =n? are inserted in Equation 2.7, Equation 2.8

is obtained*.

2.8
gy = oy 202 41 (28)

Amax 1 wavelength of LSPR peak and 4, is the wavelength that is related to
frequency of the bulk metal. Finally, direct proportion between the wavelength of the
LSPR peak and refractive index was obtained roughly. Also relationship between them
allow reducing the detection limit of LSPR or increasing the sensivity>®.

The A4y shifts of LSPR are dependent on the metallic nanoparticle size and the
sensitivity of the biomolecules conjugated to particles. Mathematically Amax shifts of
LSPR can be described in Equation 2.9, showing the relationship between sensitivity, size
morphology and composition of metallic nanoparticles>.

Apge =mAn (2.9)

Where n is the refractive index. The shift is also proportional to the adsorbate
molecule mass®*-®!. Recently, various methods have been developed to probe or detect
large shift from metallic nanoparticles and its conjugation with biomolecules®’. Another

way to increase the Amax shift is to use plasmonic labels using AuNPs®,
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2.9.Literature Review of Localized Surface Plasmon Resonance

Nowadays, LSPR spectroscopy-based sensor applications are considered to be the
new-generation label-free methods®. Additionally, LSPR experimental setups have
demonstrated substantial simplification compared to those used in conventional
measurement techniques®. For these reasons, researchers begin to deepen their research
in order to design and develop LSPR based optical biosensors with the help of plasmonic
nanomaterials®®,

A large number of papers have been published on the application of the LSPR
spectroscopy in biotechnology, nanotechnology and other related fields. These
publications are generally on the detection of bacteria-macrophage®’, anti-biotin®,
concanavalin®, alzheimer disease biomarkers®, antigen-antibody’® and streptavidin-
biotin’! and other bio-recognition events’?. Other applications of LSPR are on chemical
detection of molecules in liquid phase such as organo-phosphorous pesticides’?, hydrogen
peroxide’ and ammonia’.

Van Duyne and co-workers were one of the first groups to investigate biological
sensors based on metal nanoparticles using LSPR spectroscopy’®. Van Duyne and
Amanda J. Haes created a nanostructure using natural lithography to develop a sensitive
LSPR-based method for detection of Alzheimer disease®.

Also, Van Duyne and co-workers investigated biotin- streptavidin interaction in
great detail using triangular silver nanoparticles fabricated by nanosphere lithography.
The biotin- streptavidin system has high binding affinity, it therefore presents a very

convenient platform to demonstrate LSPR-based nanoscale affinity biosensors’!.
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Figure 2.6. (A) Production steps of Ag nanoparticle-based sensor to detect Anti-ADDL.
(B) Ag nanobiosensor conjugate at a low concentration of anti-ADDL
antibody. Ag nanoparticles functionalized with 1 mM 3:1 1-OT/11-MUA
Amax = 663.9 nm, (B-1). After adding 100 nM ADDL 2,4, = 686.0 nm (B-
2) and (B-3) 50 nM anti-ADDL A,,,,, = 696.2 nm. (C) Ag nanobiosensor
conjugate at a high concentration of anti-ADDL. Ag nanoparticles
functionalized with 1 mM 3:1 1-OT/11-MUA, A,,,4,= 690.1 nm (C-1), (C-2)
100 nM ADDL A4,,,, = 708.1 nm, and (C-3) 400 nM anti-ADDL A,,,,=

726.8 nm®°
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Figure 2.7. Ag nanoparticles modified with biotin for detecting the specific binding of
streptavidin. (A) Bare Ag nanoparticles A,4,= 561,4 nm. (B) Ag
nanoparticles modified with 1 mM 1:3 11-MUA/1-OT A,,,4, =598.6 nm. (C)
After Ag nanoparticles conjugate 1 mM biotind,, .= 609,6 nm. (D) Ag
nanoparticles with 100 nM SA A,,,,,= 636,6 nm’!
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Xu and co-workers designed and fabricated an immunosensor to detect alfa-
fetoprotein using LSPR of gold nanorods. GNRs were produced with seed-mediated
method and conjugated with 11-mercaptoundecanoic acid to attach antibodies. Their
results showed that the limit of detection of the sensor was 0.25 nM and dynamic range
was between 0.25 nM and 14.3 nM. These results indicate that the LSPR spectroscopy

works efficiently even at low concentration of samples’’.
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Figure 2.8. (A) LSPR spectra of modified and unmodified gold nanorods. Blue line is
bare gold nanorods, LSPR spectrum of red line is 11-mercaptoundecanoic
acid modified gold nanorod, green line is anti AFB antibody bound gold
nanorod. (B) LSPR spectra of varying concentrations of anti AFP antibody’’

Lee and colleagues fabricated Au-dots (10-20 nm) on ITO glass substrate using
electrochemical deposition method to detect HIV-1. To detect HIV-1, first of all, Au-dots
substrate was modified with gp 120 antibody. The substrate was then used to measure
various concentrations of HIV-1 particles for determination of limit of detection. Limit
of detection of HIV-1 was estimated to be 200 fg/mL that was 10-fold higher than

previous reports’®,
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Figure 2.9. (A) LSPR spectrum each conjugation step. (a) Raw Au dots. (b) Au dots were
modified antibody. (¢) Conjugate with casein. (d) HIV-1 VLPs reacted with

substrate. (B) Detailed LSPR spectrum of wavelength between 520 to 570
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Bhagawati and colleagues studied real-time imaging of protein and protein
interactions with localized surface plasmon resonance spectroscopy using micropatterned
AuNPs produced through electrostatic forces. To capture protein, AuNPs were first

conjugated with poly ethlyene glycol , then conjugated with poly-L-lysine grafted PEG”.
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Figure 2.10. LSPR spectrum for each binding step. First, micropatterned AuNPs surface
was treated with 250 mM EDTA (I), NTA moieties were injected with Ni(II)
ions (II) Injection of 500 nM H6-EGFP (III) Elution with 500 mM imidazole
(IV) (blue curve). As a control, protein binding in the absence of Ni(II) ions
(red curve)”
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In brief, LSPR sensing covers a wide range of systems, from simple chips capable
of detecting a target analyte, to sophisticated instrumental schemes allowing observation
of analyte binding to single nanostructures. A representative selection of LSPR-based

biosensor systems is summarized in Table 2.1%.

Table 2.2. Selected literature examples of LSPR Spectroscopy®”

immobilized on
silanized glass,

functionalized with

extinction after

Configuration of | Preparation of Experimental Sensitivity

LSPR sensor recognition interface | details

Au NPs (40 nm) Au NPs covered with | Incubation of Ca. 20 ngml hFABP.

m - 5 monoclonal anti Au NP Determination of

Solution™. hFABP. Detection of | bioconjugate affinity constants in
binding of hFABP with analyte the range 109-1011

mol—1
AuNPs Au NPs Difference in Minimum detected

concentration 100

HSA or anti-HSA. binding of pgml—1 of HSA
NPs enlarged by | petection of binding | analyte in
electrglgssgl of anti-HSA or HSA, | stagnant
deposition”. respectively solution
Au NPs (13-50 AuNPs _ Kinetics of Detection limit of
nm) .1mmob1hzed functionalized with extinction streptavidin ca.
on s118%nlzed MPA‘followed by change during 20nM for 13-nm NPs
glass™. cherpwal Couphng of analyte binding | and 1 nM for 39-nm
biotin. I')e.tectlon of ' in a stirred NPs
st.reptawdm and anti- | (oo
biotin monoclonal
antibody
Au NP? (40 nm) Au NPs Measurements Detection limit ca.
11pm9b1112ed 0213 functionalized with of transmission 30 nM for anti-HSA
silanized glass™. | ggA or HAS spectra in
solution
Au NP? (40 nm) Au NPs Kinetics of Detection limit of
immobilized on functionalized with extinction ConA, 1.9 nM; HIV-
silanized glass ™| gigulfide pol hange duri 1, protease, 50 nM;
% polymer change during , protease, 50 nM;
: carrying receptor. analyte binding | glycoprotein (OVA),
Binding of ConA, and release 10 OnM
HIV1 protease,
glycoprotein
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Table 2.3. Selected literature examples of LSPR Spectroscopy (continued)®°

Au NP (9 nm) film
immobilized on
fiber after removal

Au NPs
functionalized with
cystamine followed

Laser intensity
attenuation,
measured using

Detection limit (S/N
ratio of 3) 1 nM for
streptavidin and 1.4

immobilized on
unclad silanized
silica fiber®®,

streptavidin to
immobilized biotin

analytes in a flow
cell

of n01.“n§a711 by coupling of biotin | lock-in pM for anti-SEB
claddin™. or immobilization of | techni que

anti-SEB
AuNPs Binding of Binding of Detection limit (S/N

ratio of 3) of
streptavidin 0.1 nM;

Au NPs
immobilized on

the end face of a
fiber®.

Binding of
streptavidin to
immobilized biotin

Binding of
analyte in
stagnant solution

Optical response
measured at 20
pugml-1

Au NPs (40 nm)
immobilized on
glass®.

SZ-BSA immobilized
on AuNPs followed

by exposure to anti-
SZ

Light scattering
from
epiluminescent
AuNPs immersed
in stagnant
solution

Detection limit
20nM for Sz

2.10.Antibody-Antigen Interactions

Antibodies are molecules that are involved in specific immune recognition and
secreted from B-cell’!. The antibody molecule has two remarkable functions: one of the
function is to bind specifically molecules from pathogens that create the immune
response; the other property is to help other cells and molecules to recover destroying
from the pathogen®”. Antibody molecules are Y-shaped molecules consisting of three
same-sized regions and connected each other with flexible bonds®. The two arms of the
Y end in regions, called V (variable) regions, vary between different antibody
molecules®. These are involved in antigen binding, whereas the stem of the Y called the

C (constant) region is in charge of interacting with effector cells and molecules”. The

structure of antibody molecules is shown in Figure 2.11%.
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Figure 2.11. Structure of an antibody molecule. (A) Ribbon diagram based on the X-ray
crystallographic structure of an IgG antibody. (B) Four-chain composition
and the separate domains comprising each chain. (C) Simplified schematic
representation of an antibody molecule”®

The antibodies comprise small proteins of the immunoglobulin family (Ig)
consisting of anti-parallel B sheets®’. Ig consists of the two same light chain of molecular
weight of 25 kDa and two heavy chains of 50 kDa, which form the Y shape of antibody
molecules®® . These heavy and light chains are divided into two compartments. First
one is that the N-terminus that forms the antigen binding site and the c-portion that
determines isotype®®. Also, the light chain and heavy chain are composed of respectively
two Ig and four Ig domains family depending on the antibody isotype!*-10!,

The light chains and the heavy chains are attached each other with noncovalent
and disulfide bonds interactions!%?. The heavy chain of V region and light chain are linked
to form two antigen binding sites to allow the antibody to bind strongly to the antigen'®.
When the Vi and VL domains are linked to the antibody, hypervariable loops in these
domains come together to form the complementarity-determining regions (CDR1, CDR2,
and CDR3), in other words the antigen binding site!®. This CDR region consists of a
combination of heavy and light chains and identifies the specificity of the antigen. Also
three CDR regions come together to form the surface of the antibody!'%.

The interaction between an antibody and its antigen can be disrupted by high salt
concentrations'?®, extremes of pH'%’, detergents, and sometimes high concentrations of
the pure epitope!®®. The binding is therefore a reversible noncovalent interaction. The

forces, or bonds, involved in these noncovalent interactions are illustrated in Figure

21219,
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Figure 2.12. Non-covalent forces that hold together the Antigen-Antibody complex'?

2.11.Bacteria-Phage Interaction

Bacteria and phage are one of the two species most commonly found in ecology'!*-

1 Bacteria are important for microbial world to direct the regulation of ecological

112 Bacteria are in charge of adjusting nitrogen level, produce oxygen for all living

balance
creatures'!3. Bacteriophage are types of virus that consume bacteria to maintain their life
cycles!!'*. Phage-bacteria interaction is very important for solving fundamental ecological
problems and for the protection of the balance of nature'!®. The relationship between
bacteria and phage is examined in three main life cycles'!®. These are respectively lytic
phage, temperate phage (lysogenic) and pseudolysogeny phage cycles!''® as shown in
Figure 2.13'"7. Some of these life cycles may be harmful to the bacteria, and some are

useful for the bacteria''®.
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Figure 2.13. Schematic Representation of Interaction of Phage and Bacteri cycles'!’

In lytic cycles, phages attach to the host cells and infect the host cells by leaving

1119

their genetic material directly in host cell'' or via endocytosis mechanisms!?. It is

necessary to recognize bacterial receptors such as lipopolysaccharides'?' and flagella'??
for the phages to bind the bacteria. After binding to the phage host cell, the cell phage
will produce nucleic acid-encoded proteins and the phage replicate the genetic material.
Then the proteins of the phage take their genetic material into the capsid'?. After a
sufficient number of phages are generated, the phages kill the host cell and this process
continues until a new host cell is found'?*. In the lysogenic cycle, the phages have ability
to combine their genetic material with the bacterial genome called prophages. Also phage
can transfer their genomes to the daughter cell during the growth of the bacteria'?>. When
the phages encounter difficult conditions, the phages enter the lytic cycle again, and kill

the cell'?. Many prophages have useful effects on host cells such as increasing the

strength of host cells to cope with challenging conditions'?’

The pseudolysogeny life cycle is interpreted differently among researchers'?®, but
the most accepted interpretation of the pseudolysogeny life cycle is that the phage does

not prefer to combine their the genetic material with host cell or does not accept enter the
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Iytic life cycle!?*%, This situation is related to the nutritional insufficiency of

cell'3!. However, it is not known exactly whether this life cycle is a true life cycle'*2.
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CHAPTER 3

EXPERIMENTAL

The experimental section includes the design of the mechanical and electronic
parts of the LSPR spectroscopy and the biological applications of the LSPR device as a

potential biosensor.

3.1.Construction of Localized Surface Plasmon Resonance Spectroscopy

The construction process of LSPR spectroscopy consists of mainly two parts:
construction of mechanical and electronic parts. These are explained in detail in the

following sections.

3.1.1.Construction of Mechanic System

Mechanical system of the device is composed of five parts designed using three
dimensional drawing software named Solid Works 2015®. Technical details of device
parts are shown in result part. During the production of device mechanical parts computer
numerical control machine, generally known as CNC in metal industry, owned by *Yerli
Makina’ settled in Organized Industry Area in Izmir was used. As a raw material,

aluminium was chosen because of process ease and low cost.

3.1.2.Construction of Electronic System

The electronic system of the device consists of two parts; a spectrophotometer and
a light source. The light source and the spectrophotometer are connected to the first and
last parts of the device by fiber optic cables, respectively and both equipments were

purchased from the Ocean Optics Company. The spectrophotometer combines a 2-MHz
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analog-to-digital (A/D) converter, programmable electronics, a 2048-element
CCD-array detector, and an USB 2.0 port yielding high spectral response and high optical
resolution. Also, it has a UV-sensitive coating that makes the system versatile enough for
working with UV-Vis light. The spectrophotometer allows the capture and storage of a
full spectrum into memory every millisecond enabling observations to be made within
0,1 nm wavelength. The spectrophotometer appears to be convenient for using in the
fields of chemistry, biotechnology and other related fields. The spectrophotometer is
linked to a computer via the USB port and controlled by Spectra Suit software®, created
by Java programming language. Detailed information about the spectrometer is listed in

Table 3.1.

Table 3.1. Properties of Spectrophotometer used in LSPR Device

PHYSICAL DETECTOR SPECTROSCOPIC ELECTRONICS
Dimensions: Detector:Sony Optical Resolution: 0.1- | Power
89.1 mm x 63.3 | ILX511B (2048- | 10.0 nm FWHM Consumption: 250
mm x 34.4 mm | CCD array) (configuration mA @ 5 VDC
dependent)
Weight: 190 gr | Detector Range: | Signal-to-Noise Connector: 22-pin
200-1100 nm Rati0:250:1(Full signal) | connector
Pixels: 2048 A/D resolution: 16 bit
pixels
Pixel Size: 14 Dark noise: 50 RMS
um x 200 pm counts
Pixel Well Dynamic range:8.5 x
Depth: 62,500 1077 (system); 1300:1
electrons for a single acquisition
Integration Time: 1
ms — 65 seconds
Stray Light:<0.05% at
600 nm; <0.10% at 435
nm
Corrected Linearity:
>99%

The second part of the electronic system is the light source which offers stable,
continuous output between 215 nm and 2500 nm. Using tungsten-halogen lamps, light
source is ideal for measuring a sample that has multiple features in different spectral
regions or for analyzing a variety of different samples. Specifications of light source are

shown in table 3.2.
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Table 3.2. Features of Light Source used in LSPR Device

Sources Deep-UV Deuterium & Tungsten Halogen
Wavelength Range 190-2500 nm

Warm-up Time 25 minutes

Source Lifetime 1,000 hours

Operating Temperature 5°C-35°C

Power Requirements 85-264 V, 50/60 Hz

Dimensions (W x Hx L) 15x13.5x28.5cm

Weight 5kg

3.2.Synthesis and Functionalization of Gold Nanorod

3.2.1.Materials

Cethyltrimethylamonium bromide (CTAB) - Sigma, L-Ascorbic acid - Fluka,
TetraChloroauric acid (HAuCls) and Silver nitrate (AgNO3) - Alfa Aesar, Sodium
Borohydrate (NaBH4) - Sigma, N-ethyl-N’-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) — Merck, N-Hydroxysulfosuccinimide (Sulfo-NHS) — Thermo ,
Methoxy-Polyethylene glycol (mPEG-SH, MW 5000) — Laysan Bio, Thiol- and amine-
bifunctional PEG (SH-PEG-NH2, MW 5000) Biochempeg, Potassium Carbonate —
Sigma, (3-Mercaptopropyl)trimethoxysilane (MPTMS). 2-keto 3-Deoxy-D-glycero-D-
galacto-2-nonulosonic acid (KDN) — Sigma, Citric Acid — Sigma. All chemicals were
used as received. Anti-KDN monoclonal antibody was kindly provided by Prof. Dr.
Giilperi Oktem at Ege University.
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3.2.2.Fabrication of Gold Nanorods via Seed Mediated Method

3.2.3.Preparation of Seed Solution

HAuCls in DI water was added into aqueous CTAB solution under magnetic
stirring. Ice-cold NaBHa4 solution in DI water was added to the mixture. The color of the
solution turned into brownish color within seconds. Afterwards, seed solution was kept

at 30 °C for two hours in order to remove free Na ions!'33.

3.2.4.Preparation of Growth Solution

CTAB solution in DI water and HAuCl4 solution in DI water were mixed under
magnetic stirring AgNO3 solution in DI water was added to this mixture. After addition
of ascorbic acid as a mild reducing agent, the color of the solution immediately turned
into colorless. Finally, seed solution was added. The solution was stirred for 30 minutes.
Approximately 10 minutes later, the color of the growth solution changed according to
the size. Gold nanorods were kept in dark for further use'**. Silver nitrate concentration

was changed to produce gold nanorods in different aspect ratios.

3.2.5.Surface Modification of Gold Nanorods

Surface modification of gold nanorods was carried out using bi- and mono-
functional PEG molecule mixture. To replace CTAB molecules on the surface of gold
nanorods with a mixture of bi- and mono-functional PEG molecules, i.e. monomethoxy-
PEG-thiol (mPEG-SH) and amine-PEG-thiol (NH2-PEG-SH), gold nanorods were first
centrifuged at 12000 rpm for 15 minutes, twice to reduce the CTAB concentration in
solution. Mixed PEG solution (NH2-PEG-SH/ mPEG-SH) in DI water was prepared at
varying mPEG-SH: NH2-PEG- SH molar ratios (1:1, 4:1 and 9:1). The concentration of
mixed PEG solution was 1.00 mM. Then the mixed PEG solution (1.00 ml) was added to

gold nanorod solution (4.00 ml).
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The final solution was magnetically stirred for 30 minutes and left in dark
overnight. The next day, the mixture was centrifuged at 12000 rpm for 15 minutes twice

to eliminate unbounded PEG molecules'**.

3.2.6.Conjugation of Monoclonal Antibodies to Gold Nanorods

Conjugation method carried out for attachment of anti-KDN monoclonal
antibodies to GNR surface is as follow: EDC was used as a crosslinking agent to form
active ester of carboxylate groups on monoclonal antibody by means of Sulfo-NHS
selectively reactive with amine groups on target molecule. Monoclonal antibody was
firstly added in EDC solution in PB buffer at 7.4 (40 mM, 100 pl), then sulfo-NHS
solution in PB buffer at 7.4 (7 mg/100 ul) were added into mixture of EDC and antibody
to activate the carboxylic groups antibody. The mixture was allowed to react for 15
minutes. Afterwards, PEG coated gold nanorods was added to the mixture. The reaction
was continued at +4 °C overnight. Next day, anti-KDN conjugated gold nanorods solution
was centrifuged at 1200 rpm for 15 minutes and then washed with water twice in order to

remove the unreacted agents and side-products'?>.

3.2.7.Conjugation of Anti-KDN Monoclonal Antibodies to KDN

Antigen-antibody conjugation method was conducted for binding of anti-KDN
monoclonal antibodies to their specific antigen 2-keto 3-Deoxy-D-glycero-D-galacto-2-
nonulosonic acid (KDN) molecules. The procedure for binding the KDN molecule to the
antibody is briefly as follows: The KDN molecule was prepared at 1.5 and 10 mM
concentrations in PB buffer (pH:7.4). Antibody-bound gold nanorods were equally placed
in three separate tubes. Each tube was added KDN molecule prepared at different
concentrations. Then, the KDN molecule was incubated for 1 hour to bind to the antibody.
After incubation, the tubes were centrifuged at 12000 rpm for 5 min to remove excess

KDN.
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3.2.8.Control Experiment of Antibody-Antigen Interaction

The control experiment was performed to show the specificity of the antigen to
antibody. Citric acid was used instead of the KDN molecule in the control experiment.
The procedure for binding citric acid to antibody-bound gold nanorods is as follows:

The citric acid was prepared at 1.5 and 10 mM concentrations in PB buffer
(pH:7.4). Antibody-bound gold nanorods were equally placed in three separate tubes.
Each tube was added citric acid prepared at different concentrations. Then, citric acid was

incubated for 1 hour. After incubation, the tubes were centrifuged at 12000 rpm for 5 min.

3.3.Detection of Bacteria by LSPR

To further show the potential of LSPR device as a potential biosensor, three
different bacteria were used with their specific bacteriophages. Experimental procedure
consisted of mainly three steps. First step was to create sensor surface using AuNPs to
take signal from the surface. Second step was to prepare three different bacterical cultures
on sensor surface. Last step was to detect specific bacteriophages. Procedure for each step

is explained in subsections.

3.3.1.Synthesis of AuNPs

AuNPs was produced using classical method. Procedure as follow: 5 mL 0.2 M
CTAB solution was prepared in DI water. 0.001 M 2.5 mL HAuCl4 solution was added
into the CTAB solution. Then, 600 pL-10 mM ice-cold aqueous solution of NaBH4, was
added mixture of CTAB- HAuCl4 under vigorous stirring to form the AuNPs. Note that
these nanoparticles carrying CTAB on their surfaces were used as seed in the preparation
of gold nanorods as described above, and/or they were simply aged about 20-30 days in
dark at room temperature in closed caped vials for maturation and to reach the desired

size. They were stored at room temperature until use.

27



3.3.2.Manufacturing of Sensor Surface

Procedure of making a sensor surface includes substrate preparation and

nanoparticles deposition.

3.3.3.Substrate Preparation

Making a sensor platform involved depositing nanoparticles onto the
functionalized glass surface via electrical charge interactions and covalent bonding.
Before deposition of nanoparticles on glass surface, glass slides have to be washed to
remove residues from surface. Washing procedure was done as follows; Glass substrates
were immersed in a piranha solution (3:1 30% H2SOa4: H202) at 65°C for 0.5 h. Substrates
were cooled down at room temperature, the glass substrates were rinsed thoroughly with
DI water and then sonicated for 60 minutes in 5:1:1 H20:NH4OH:30% H202. The

substrates were rinsed repeatedly with copious amounts of water.

3.3.4.Nanoparticle Deposition on Substrate

To absorb AuNPs on a clean glass surface, we benefited from differences of
electrical charge between glass surface and AuNPs. For this purpose, the glass surface
was first functionalized with 5 mM mercaptopropyl trimethoxy silane in ethanol and then
waited for three hours to bind of AuNPs on glass surface. After that, glass surfaces were
washed with ethanol few times to remove the residuals and dried at room temperature.

Next, silane coated glass substrate was immersed in gold nanoparticle solution overnight.
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3.3.5.Interaction of Nanoparticles with Three types of Bacteria

For the LSPR experiments, fresh bacterial cultures were prepared by incubating
overnight at 37°C the samples taken from the stock cultures of the bacteria stored at 4°C.
E.coli, Staphylococcus aureus and Salmonella infantis) typical bacterial cultures were
used. After overnight bacterial growth, sterile centrifugation was applied at room
temperature at 5,000 rpm for 10 min.

Bacterial pellets obtained were washed in sterile water and centrifuged for 3 times,
then used in further experiments. The initial concentration of all three bacteria was 10°
CFU/mL. Bacterial cultures were conjugated with AuNPs. In the conjugation process,
bacterial suspensions (5 puL) were dropped onto the sensor platforms, dried in the safety

cabinet in about 30 min at room temperature then LSPR spectra were taken.

3.4.Bacteria and Bacteriophage Interactions

Phage emulsions (5 pL) were dropped onto the bacteria adsorbed surfaces and the
change of the LSPR peaks were obtained about one hour which is enough time for
bacterial infection by the phages and total destruction of their cell structure. Note that at
the end of the selected time the surface was gently washed with water and the LSPR data
was taken. Phages specific to bacteria (EcP, SaP and SiPh) were tested. The initial
concentrations of all these three phages were adjusted to 10® CFU/mL. Also cross phages

were tested on each types of bacteria to verify the specificity.

3.5.Characterization Methods

3.5.1.Atomic Force Microscopy (AFM)

A Nanosurf Instrument Multimode Scanning Probe Microscope operating in
tapping mode at room temperature in air was used to obtain topographic data. All imaging

operations were conducted with 512 x 512 data acquisitions at a various scan speed.



Oxide-sharpened silicon nitride tips with integrated cantilever with a nominal
spring constant of 42 N/m were used. These tips have resonance frequencies between 204
and 497 kHz and an effective radius of curvature at the tip of less than 7 nm. AFM images

were manipulated by using Scanning Probe Image Processor (SPIP) software.

3.5.2.Scanning Electron Microscopy (SEM)

Electron microscopic images were taken with the FEI Quanta 250 FEG scanning
electron microscope equipped with an in-lens secondary-electron detector at operating
range 2-10 KV depends on samples charging, which is located within the Materials

Research Center of Izmir Institute of Technology.

3.5.3.Zeta Potential

Zeta-potential measurements of nanoparticles with the dynamic light scattering
method based on the measurement of the intensity and variation of the light emitted from
the small particles in the dilute solution were obtained with a MALVERN Zetasizer Nano

7S instrument.

3.5.4.X-Ray Photoelectron Spectroscopy (XPS)

Elemental analyzes of the prepared samples were performed with Thermo
Scientific K-Alpha Surface Analysis model x-ray photoelectron spectroscopy device. The
measurements were taken from an area of 400 um diameter with x-rays produced by Al

K Alfa beam source.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1.Construction of Localized Surface Plasmon Resonance Spectroscopy

The dimensions of the front part of the device are 90 cm width, 60 cm height, 1
mm thickness. Front part is connected to light source by fiber optic cables, providing light
input to the system. As shown in Figure 4.1, in order to connect easily the fiber optic
cables to the front part, an apparatus having 5 mm diameter was inserted in the middle of
the front part. And also, 10 mm diameter screw holes were provided on each side of the

front part for mounting the second part easily.
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Figure 4.1. Technical drawing of front part of device

The dimensions of the connector part of the device are 90 cm width, 60 cm height,
2 mm thickness. Representative image of connector part is shown in Figure 4.2. This part
of the device was designed to facilitate the integration of the microchannel carrier part,

which is the main part of the device, into the system. The inside of the connector part
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were cut to have a height of 60 cm and a width of 70 cm so that the main part can
be placed in the connector part. Holes having a diameter of 10 mm were created to attach
the connector part to the back part. To provide sample entry and exit of the microchannels
part, channels with a diameter of 1 mm were opened on both lateral surfaces of the
connector part. A hole with 5 mm diameter was opened in the middle of the part to allow

the passage oflight from the front part to the connector part.
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Figure 4.2. Technical drawing of connector of device

In Figure 4.3 shows the microchannel carrier part that can be considered to be the
most important part of the device because it is the part at which LSPR based detection
events take place. It can be therefore called as the main part of the device. The main part
was designed to have a width of of 70 cm and a height of 60 cm high so as to fit the
interior of the connector part. An area of 18 mm wide, 42 mm long and 6 mm deep was
built in the main part to place microchannels, having two entrances and one exit to
observe interactions between the different materials at the same time, in the device.
Channels of 1 mm width were formed on both side faces of the main part to deliver the
materials to be analyzed in the microchannels. Also, two 3 mm screw holes were drilled
to join the fourth part to the region formed for the microchannels. Finally, a hole of 5 mm
in diameter was opened in the middle of the main part in order to allow light coming from

the front part to reach the detector.
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Figure 4.3. Technical drawing of microchannel carrier part of device

The lid of microchannel reservoir is a screw cap system, designed to prevent the
leakage of the material to be analyzed through the microchannel, creating pressure
between the glass and the microchannel. As shown in Figure 4.4, to be able to generate
pressure on the microchannel carrier part, a ring of 15 mm in diameter was placed on the
back surface of the lid of microchannel reservoir fourth part. As in all parts, a hole of 5
mm in diameter was opened in the middle of the this part so that the light coming from

the fiber optic cables connected to the front part can reach the spectrophotometer.

42

L
s i ” -
|
= P VA PZA TP
3J 4ECTION A-A
o4 5 @13 &

18

L%}”@*’FL

Figure 4.4. Technical drawing of lid of microchannel reservoir
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The final part is back part showing in Figure 4.5. The back part that provides the
light passing through the system to the spectrophotometer to complete the analysis of the
sample. As in the front part, the back part is connected to the spectrophotometer by fiber
optic cables and a small apparatus is mounted on the this part to connect the fiber optic
cables. The other task of the back part on the system is to fix the location of the main part
on the connector part. To achieve this task, screw holes were drilled 10 mm in diameter

on both sides of the part.
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Figure 4.5. Technical drawing of the back part of device

The cartoon image of combination of all parts the device are shown in Figure 4.6.
All parts of the device are connected to each other by a screw system. After the
completion of technical drawings of the device components, device was produced with
the help of computer numerical control machine (CNC) and real image of the final device

is displayed in Figure 4.7.
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Figure 4.6. Technical drawing of completed device

Figure 4.7. Image of the final device
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4.2.Synthesis of AuNRs

Green method was applied to produce gold nanorods (AuNRs) at high-yields by
varying growth solution composition. AuNRs were produced at high concentrations and
certain aspect ratios (30-100 nm in diameter and 10-25 nm in diameter). In Green method,
a two-step process involving the synthesis of the seed solution and the growth solution
has been utilized. Seed solution was prepared by mixing CTAB as a stabilizer, auric acid
as Au source, and sodium borohydride as a reducing agent. . In growth step, the volume
ratio of silver nitrate and seed solutions were varied to produce AuNRs with different
aspect ratio.

Figure 4.8 displays the LSPR spectrum of AuNRs with varying aspect ratios (2.5,
3.2, 3.8, 4.5),prepared using varying growth medium compositions as explained in the
experimental section. AuNRs have two absorption peaks in a specific way. These are
transverse absorption peak related to the diameter of the AuNRs, and the longitudinal
absorption peak related to the height. The increase in length ratios cause the red shift of
the peaks due to the increase in AgNO3 concentration in the growth solution. Changes in
the longitudinal plasmon band of the AuNRs are related to the increase in AgNO3

concentration in the growth solution.
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Figure 4.8. LSPR spectra of AuNRs having varying aspect ratios
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The transverse plasmon band of the AuNRs synthesized throughout the thesis was
observed at approximately 510-520 nm and when the length was increased, the position
of the peak did not change. This result indicated that the diameter of the AuNRs
synthesized did not change. The second peak, the longitudinal plasmon band, shows the
formation and yield of AuNRs. This peak shifted from 650 nm to 785 nm with AgNO3
concentration increase. The amount of red shift of the transverse plasmon band enhances
with the increment of length of gold nanorod. LSPR results show that G1 sample (aspect
ratio= 2.5) was obtained at the highest yield. The concentration of G1 coded AuNRs
sample was measured as 40 ppm using ICP-MS. This highly concentrated sample was

used in almost all experiments throughout the thesis.

4.3.Surface Modification of AuNRs with PEG

AuNRs have been used in many biomedical applications such as biosensors, drug
delivery and cancer photothermal therapy. The aim of this thesis is to use AuNRs as a
platform for biosensor applications.

To effectively use AuNRs in biosensor applications as well as other biomedical
applications, AuNRs need to be surface functionalized. In biosensor applications,
modifying the surface has some advantages such as reducing toxicity, preventing binding
of non-specific proteins, enhancing colloidal stability and incorporating biorecognition
ability. AuNRs. The most accepted techniques for functionalizing AuNRs surface include
modifying the surface with hydrophilic and nontoxic molecules bearing thiol groups,
using layer by layer approach with polyelectrolytes and coating with mesoporous silica.

In this study, thiolated polyethylene glycol (PEG) (Mn 5000 g/mol) was used for
modification of AuNRs, because gold has high binding affinity for thiol compounds and
thiolated PEG increases colloidal stability of AuNRs and reduces non-specific bindings.
The binding of thiolated molecules to the surface of AuNRs leads to a red shift in surface
plasmon resonance due to the change of the refractive index of AuNRs surfaces. In the
thesis, AuNRs were conjugated with mixtures of mono-functional monomethoxy
poly(ethylene glycol)-thiol (mPEG-SH) and heterofunctional amine-PEG-thiol (NHa-
PEG-SH) molecules. Heterofunctional NH2-PEG-SH molecules were used to create

functional sites on the surface for conjugation of antibody. mPEG-SH molecules were

37



used to form space between NH2-PEG-SH molecules to allow the efficient
binding of antibody molecules. To compare the dose dependent effects of PEG molecules,
AuNRs were exposed to two different concentrations (1 mM or 10 mM) of PEG-AuNRs
molecules. PEG binding to AuNRs was confirmed by localized surface plasmon
resonance (LSPR) spectrometer, zeta potential, scanning electron microscope (SEM),
atomic force microscope (AFM) and X-Ray photoelectron spectroscopy (XPS) analysis.
Figure 4.9 shows the extinction spectra of AuNRs before and after PEGylation with 1mM
and 10 mM PEG mixture.
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Figure 4.9. LSPR spectra of AuNRs before and after surface functionalization with 1 mM
and 10 mM PEG mixture (Molar Ratio of mPEG-SH: NH2-PEG-SH is 4:1)

Figure 4.9 shows the LSPR Amax of the gold nanorod functionalized with PEG
mixture at two different concentrations. The LSPR Amax of the bare AuNRs was measured
to be 701.24 nm (blue). After AuNRs were incubated with 1 mM mixed polymer solution
for 24 hours, he LSPR Amax was measured to be 713.72 nm. An LSPR Amax change of
12.48 nm red-shift was obtained, which was attributed to the binding of polymers (red).
When the AuNRs were modified with 10 mM mixed polymer solution for 24 hours,
LSPR Amax was measured to be 713.05 nm (green) corresponding to a 12.13 nm red-shift
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compared with raw gold nanorod (blue), indicating that the surface was fully
saturated with PEG molecules even at | mM concentration.

As Figure 4.9 shows, after modifying the AuNRs with PEG molecules at varying
concentrations, longitudinal surface plasmon resonance slightly changed towards red
region. It was apparently seen that the modification did not remarkably change the optical
properties of AuNRs. Decrease in the extinction intensity after modification was
visualized suggesting the coating of the surface.

To find optimum conditions for high efficiency antibody binding onto PEG-
coated AuNRs, AuNRs were modified with a mixed PEG solution having varying mPEG-
SH: NH2-PEG-SH molar ratios of 1:1, 4:1 and 9:1. Figure 4.10 shows the LSPR spectra
before and after AuNRs PEGylation with PEG mixtures having different compositions.
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Figure 4.10. LSPR spectra of AuNRs. (A) Unfunctionalized gold nanorods (Blue), after
modification with 1:1 PEG Mixture (Red), 4:1 PEG Mixture (Green), and 9:1
PEG Mixture( Purple).(B) Enlarge spectrum of 590 to 750 nm



Figures 4.10A and 4.10B display the LSPR Amax of the AuNRs functionalized with
mixed polymers at varying molar ratios. The LSPR Amax of the unfunctionalized AuNRs
was measured to be 650 nm (a). AuNRs were incubated with a mPEG-SH: NH2-PEG-SH
mixture of 1:1 molar ratio for 24 hours. After centrifugation of gold nanorod to remove
unbounded polymer, the LSPR Amax was measured to be 658 nm. The LSPR Amax change
was obtained a 8 nm red-shift that was attributed to the binding of polymers (b). When
the AuNRs were modified with a PEG solution of 4:1 ratio, LSPR Amax was measured to
be 660 nm corresponding to a 10 nm red-shift compared with unfunctionalized AuNRs
(c). Similarly, a 8 nm red-shift compared with unfunctionalized gold nanorod (d) was
obtained when a mixed PEG solution of 9:1 ratio was used.

The results show that the optimum molar ratio of PEG mixture 4: 1 molar ratio.
The results indicate that the longitudinal plasmon peak changed after functionalization of
AuNRs with polymers. In addition, after functionalization, the absence of longitudinal
peak expansion is indicative of the fact that the AuNRs functionalized with the PEG
mixture do not tend to aggregate in solution. Furthermore, the results displayed that after
centrifugation of PEG-AuNRs, the absorption intensity of PEG-AuNRs declined
compared to bare AuNRs. The reason for this is that both excess AuNRs and PEG
molecules were removed from solution.

The zeta potential of AuNRs was also measured via Malvern Zeta Sizer before
and after functionalization AuNRs with mPEG-SH: NH2-PEG-SH mixtures at varying
ratios (Table 4.1). Zeta potential of AuNRs was measured to be 11.1 mV prior to
functionalization with PEG mixture.

Since CTAB is a cationic molecule, CTAB-stabilized AuNRs showed cationic
surface charge. After interaction with the PEG mixture, CTAB molecules predominantly
present on the surface AuNRs are replaced by PEG molecules. The interaction of the
AuNRs and PEG mixtures at three different mole ratios (mPEG-SH: NH2-PEG-SH, 1:1;
4:1; 9:1) leads to zeta-potential values shifted from 11.1 mV to -6.64 mV, -8.79 mV, -
13.76 mV respectively. Functionalization with the PEG mixture causes the AuNRs to

have an anionic surface.
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Table 4.1. Zeta potential of AuNRs before and after PEGylation with mPEG-SH and SH-
PEG-NH2 mixtures at varying ratios

Sample Zeta Potentials (mV)
CTAB-GNR 11.1+£0.17
PEG MIXTURE (1:1) (mPEG-SH -6.64+0.11
and SH-PEG-NH>)
PEG MIXTURE (4:1) (mPEG-SH -8.79+0.21
and SH-PEG-NH>)
PEG MIXTURE (9:1) (mPEG-SH -13.76+0.32
and SH-PEG-NH>)

Figure 4.11 shows scanning electron microscope (SEM) images of AuNRs before
and after functionalization with PEG. Figures 4.11A and 4.11B are SEM images prior to
functionalization of AuNRs. From Figures 4.11A and 4.11B, it was observed that AuNRs
were locally clustered in some regions. Figures 4.11C and 4.11D show the SEM images
after AuNRs functionalization with PEG. The PEG layers around the AuNRs were clearly
visible. SEM images also showed that AuNRs were synthesized at high concentration.
From the SEM images, the diameter and the length of the AuNRs were calculated to be
14 nm and the length to be 35 nm.



Figure 4.11. SEM images of AuNRs at different magnifications (A-B) before and (C-D)
after functionalization AuNRswith PEG mixture

Atomic Force Microscopy images were taken to support the results obtained from
the Scanning Electron Microscope. AFM images were taken using the tapping mode
before and after AuNRs were functionalized with a mixture of mPEG-SH and NH2-PEG-
SH . In Figure 4.12A, the diameter and length of the AuNRs were calculated to be 20 nm
and 48 nm, respectively. Figure 4.12B is a high magnification AFM image of AuNRs.
Figures 4.12C and 4.12D are topographical images of AuNRs that are activated with the
PEG mixture. Morphology of AuNRs changed after conjugation with PEG. The PEG
layer on AuNRs is clearly visible in AFM images. A higher magnification of the image
in Figure 4.12C is shown in Figure 4.12D. The length of PEG-bonded AuNRs was found

to increase compared to the unbounded AuNRs.
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Figure 4.12. Low and high resolution topographical AFM images of AuNRs (A and B)
before and (C and D) after PEGylation of AuNRs

In addition to LSPR and zeta analyzes, x-ray photoelectron spectroscopy (XPS)
analysis was performed to confirm the surface modification steps of AuNRs. X-ray
photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique that measures the elemental composition in the surface region and chemical
state information of the elements. In XPS measurements, bare AuNRs, PEG-AuNRs) and
Ab-PEG-AuNRs were examined. The elemental analyses of AuNRs and PEG-AuNRs are
shown in Table 4.2. In AuNRs result, most of the elements observed are due to CTAB
molecules surrounding the gold nanorods. Silicon and silver elements observed in XPS

analysis might be due to substrate and formation of gold nanorod, respectively.

43



Table 4.2. Elemental composition of AuNRs and PEG-AuNRs in XPS measurement

Peak Atomic Peak Atomic
BE % BE %
1.71 - -

Br3d  68.01

Cls 28522 5470  285.91 74.97
Ag3d 368.09 037  367.90 0.44
Nls  402.42 247 - ;
Ols  532.99 13.58  532.85 21.24
Audf7 84.16 465  84.06 1.09
Si2p  99.92 252 - ;
Nals - - 1071.33 1.38
S2p - -~ 16735 0.90

The elemental percentages of AuNRs and PEG-AuNRs analyzes are also shown
in Table 4.3. In these measurements, the S atom of PEG molecules, anchoring with the
gold surface has been observed. Besides, the Br atoms of CTAB molecules were not
found. These results show that CTAB molecules are replaced by PEG molecules with
high efficiency. Due the carbon and oxygen elements present in the PEG molecule, the
ratio of carbon to gold and ratio of oxygen to gold increased after binding of PEG on

AuNRs.
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Table 4.3 Elemental percentages of AuNRs, PEG-AuNRs in XPS measurement

C/Au 11,76 68,78
O/Au 2,92 19,48
N/Au 0,53 -
S/Au - 0,825
C/O 4,02 3,53
N/O 0,18 -
S/0 - 0,042
C/N 22,14 }
C/S - 83,3

4.4.Conjugation of Anti-KDN Monoclonal Antibody to AuNRs

2-Keto-3-deoxy-D-glycero-D-galacto-nononic acid (KDN) molecule is a 2,8-
linked polysialic acid (polySia) highly expressed in cancer cells. Monoclonal anti-KDN
antibodies have been developed to identify a-2,8-linked polySia, (KDN). Bioaffinity
binding between anti-KDN antibody and KDN molecules was chosen in this study as a
model binding event to be detected by the LSPR device constructed. Monoclonal anti-
KDN antibody was therefore conjugated to PEGylated AuNRs via EDC/Sulfo-NHS
chemistry. The conjugation of antibody to PEGylated AuNRs was confirmed by localized
surface plasmon resonance (LSPR) spectrometry, zeta potential, dynamic light scattering
(DLS) and XPS measurements.

Figure 4.13 depicts LSPR Amax of AuNRSs after each surface functionalization step.
First, the LSPR Amax of PEG functionalized AuNRs was measured to be 660.02 nm. PEG
functionalized AuNRs were then modified with Anti-KDN and the LSPR Amax was measured
to be 666.96 nm. The LSPR Amax shift corresponding to this surface functionalization step was
a 6.94 nm red-shift with regard to PEG functionalized AuNRs. This shift is an expected

result because of the binding of antibody and is consistent with literature.
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Figure 4.13. LSPR spectra of PEG-AuNRs before (blue) and after (red) conjugation with
anti-KDN antibody

The results of zeta potential and dynamic light scattering analyses before and after
conjugation with antibody are shown in Table 4.4. The zeta potential of AuNRs, PEG-
AuNRs), Ab-PEG-AuNRs was measured. Zeta potential measurement shows changes in
surface charge as a result of functionalization processes on AuNRs. The zeta potentials
of AuNRs and PEG-AuNRs were 11.1 and -8.79 mV, respectively. After conjugation of

anti-KDN antibodies, the zeta potential of the rods was measured to be -1.6 mV.

Table 4.4. Zeta Potential and Size measurements of AuNRs, PEG-AuNRs and Ab-PEG

AuNRs

Sample Zeta Potential (mV) (PBS) | Size (nm) (PBS)
AuNRs 11.1+£0.17 261,3+18.8
PEG-AuNRs -8.79+0.21 13.2 £0,06
Ab-PEG-AuNRs -1.6+0.01 48.7 £1,7
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Antibodies have net positive charge at neutral pH. Theoretically, the zeta potential
value is expected to increase after antibody binding to PEG-AuNRs. The increase in the
zeta potential of the PEGylated nanorods after antibody conjugation from -8.79 to -1.6
mV was attributed to the fact that the antibody conjugation process took place. It should
be noted that in the antibody conjugation experiments no change was observed in the zeta
potential values of the control samples which were AuNRs exposed to the same
conjugation procedure without using an antibody.

The change in the size of PEG-AuNRs after antibody conjugation was also
measured by dynamic light scattering (DLS) and the results are shown in Table 4.4. It is
known in the literature that DLS measurements do not show the exact dimensions of the
nanorods, but display only an apperant size. Thus by performing DLS experiments, it is
aimed to have an idea about the modifications by determining the changes in
hydrodynamic sizes depending on the modifications on the surfaces of nanorods. The
hydrodynamic size of the PEG-AuNRs was measured as 13.2 nm. This value is in
agreement with the width value measured in the SEM image of the nanorods.

After the PEG-AuNRs were interacted with the antibody, the hydrodynamic size
was measured as 48.7 nm. Approximately 35 nm increase upon antibody conjugation is
in good accord with the size of an antibody given in the literature.

Table 4.5 gives the elemental analysis of PEG-AuNRs and Ab-PEG-AuNRs.
Detailed screening was performed for the nitrogen atom in XPS analyzes after antibody
conjugation. While nitrogen atoms could not be observed in PEG-AuNRs, they were
clearly observed after antibody conjugation. This XPS result showed that antibody
molecules containing a large number of nitrogen atoms due to their protein structure
present on the surface of AuNRs. Incorporation of high quantity of nitrogen atoms in the
composition also reduces the relevant carbon atom percentage as expected. Overall XPS
results confirmed the binding of antibody molecules on the AuNRs surface. When
analyzing XPS data, the ratio of the atomic percentages of the elements calculated and

each conjugation step can interpret. Table 4.6 depicts the percentage ratio of the elements.
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Table 4.5. Elemental composition of PEG-AuNRs and Ab-PEG-AuNRs in XPS
measurement

PEG-AuNRs Ab-PEG-AuNRs

Ag3d
Nls
O 1s

Audf7

Si2p
Nals

S2p

Cls

— —

285.91

367.90

532.85

84.06

1071.33

167.35

74.97

0.44

21.24

1.09

1.38

0.90

286.35

368.27

400.95

533.11

84.34

100.09

1072.07

38.50

1.78

5.04

25.29

5.10

25.49

0.74
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Table 4.6. Elemental percentages of AuNRs, PEG-AuNRs and Ab-PEG-GNRs in XPS
measurement

) PEG-AuNRs | Ab-PEG-AuNRs

C/Au 11,76 68,78 7,55
O/Au 2,92 19,48 4,95
N/Au 0,53 - 0,988
S/Au - 0,825 ]
C/O 4,02 3,53 1,52
N/O 0,18 - 0,2
S/0 - 0,042 ;
C/N 22,14 - 7,64
C/S - 83,3 ]

4.5.Detection of KDN with Ab-PEG-AuNRs Based LSPR

Specific binding of KDN to Ab-PEG-AuNRs was performed in PB buffer (pH:
7.4) using KDN solutions at varying concentrations. KDN binding to nanorods was
investigated by LSPR spectrometry and zeta potential measurements as a supporting
technique. LSPR analysis in Figure 4.15 showed that the intensity of the spectrum of
nanorods decreased and the peak enlarged after KDN binding. After binding of antibody
conjugated AuNRs with increasing concentrations of KDN (1, 5 and 10 mM), the peak
wavelength shifted from 665 nm to 668, 669 and 669 nm, respectively. From the results,

the antibody-antigen interaction reached saturation between 1 mM and 5 mM KDN
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concentration. Also Figure 4.14 shows control experiment of conjugation of PEG-

AuNRs with KDN that KDN is only specific for anti-KDN.
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Figure 4.14. LSPR spectra measured after interaction of PEG-AuNRS with KDN solution
at varying concentrations
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Figure 4.15. LSPR spectra measured after interaction of antibody-bound gold nanorods
with KDN solution at varying concentrations
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After interaction of Ab-PEG-AuNRs with KDN, zeta potential values decreased
from-1.6to-14.2,-15.9 and -19.6 mV, respectively, with increasing KDN concentrations
(Table 4.7). According to the results, there is a decrease in zeta potential from a lower
KDN concentration to a higher KDN concentration. The KDN molecule is a sialic acid
derivative and is an anionic molecule in neutral conditions. The chemical structure of the
KDN molecule is shown in Figure 4.16. Thus it is expected that the nanorod surface
charge decreases upon binding of KDN molecules to antibodies conjugated to the nanorod

surface.

Table 4.7. Zeta potential values of Ab-PEG-AuNRs before and after interaction with
KDN at varying concentrations

Sample Zeta Potential (mV)
Ab-PEG-AuNRs -1.6+0,01
Ab-PEG-AuNRs +1 mM KDN -14,2+0,46
Ab-PEG-AuNRs +5 mM KDN -15.9£1,45
Ab-PEG-AuNRs +10 mM KDN -19.6+0,20
OH
OH

HO

Figure 4.16. Chemical structure of 2-Keto-3-deoxy-D-glycero-D-galacto-nononic acid

At 1 mM concentration of KDN, due to its affinity binding to antibody-conjugated
surface, the surface charge of the nanorods significantly decreased to negative (from -1.6
to -14.2). Increasing the KDN concentration makes the surface potential more negative,
but the change in surface potential is small at high concentrations (for 5 mM:-15.9, 10
mM: -19.6), possibly due to reaching saturation point or non-specific bindings Zeta

potential values support the LSPR results.
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4.6.Control Experiment of Antibody-Antigen Interaction

As a control experiment, citric acid was used instead of KDN to investigate
whether the binding events observed between KDN and anti-KDN antibody coated
AuNRs were not due to electrostatic or non-specific interactions. When citric acid, an
anionic small molecule, solution was introduced to Ab-PEG-AuNRs based LSPR system.
Similar to KDN, citric acid was used at concentrations of 1, 5 and 10 mM. Each
functionalization step was analyzed via LSPR. LSPR analysis showed no red shift after
incubation of Ab-PEG-AuNRs with citric acid solutions at varied concentrations (Figure
4.17). In each step, the peak wavelength was measured to be 667 nm, however the
intensity of the spectrum of nanorods decreased. Since the nanorods are centrifuged after

conjugation with citric acid.
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Figure 4.17. LSPR spectra measured after interaction of antibody-bound gold nanorods
with citric acid solution at varying concentrations

The zeta potential of Ab-PEG-AuNRs were measured after the citric acid
interaction at varying concentrations and the results are shown in Table 4.8. After
interaction of antibody conjugated nanorods with citric acid, zeta potential values did not
change due to the fact that binding event of citric acid on gold nanorods was not occurred.

The zeta potential values are respectively, -5.76 to -5.2, -4.9 and -5.9.
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According to the results obtained, no change in zeta potentials indicates that citric
acid did not bind the surface of Ab-PEG-AuNRs. The zeta potential results support the
LSPR analysis results. Thus the result of the control experiment clearly suggests that the
binding of KDN to antibody conjugated PEG-AuNRs is through specific affinity and not

through electrostatic interactions.

Table 4.8. Zeta potential values of Ab-PEG-AuNRs before and after interaction with citric
acid at varying concentrations

Sample Zeta Potentials (mV) (PBS)
Ab-PEG-AuNRs -5.76+0,01

Ab-PEG-AuNRs +1 mM Citric Acid -5,2+0,46

Ab-PEG-AuNRs +5 mM Citric Acid -4.9+1,45

Ab-PEG-AuNRs +10 mM Citric Acid -5.9+1,45

4.7.Gold Nanoparticle Based LSPR System For Detection of Bacteria

In this part of the thesis, an alternative nanobased system using bacteriophages as
specific bioprobes and nanoparticles was intended to be developed for detection of
pathogenic bacteria. Three pathogenic bacteria, Escherichia coli (E.coli), Staphylococcus
aureus (S.aureus) and Salmonella infantis (S.infantis) were selected as the targets. AuNPs
were used to enhance the signals in the detection system based on LSPR spectroscopy.
Briefly, LSPR studies were carried out on glass slides modified by deposition of AuNPs.
Following the exposure of target bacteria to the surface, LSPR data were collected and
the specific phage was added on the bacteria coated surface to determine the type of
bacteria. In addition, cross phage reaction in each step was applied as control to

demonstrate the specificity.
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4.7.1.Synthesis of AuNPs

AuNPs with positive surfaces charges (carrying CTAB on their surfaces) were
synthesized by using a seed solution as described in materials and methods section. Figure
4.18 displays the LSPR spectrum of AuNPs synthesized. AuNPs have one absorption
peak in a specific way. This is transverse absorption peak approximately at 526 nm, which
corresponds to the average radius of colloidal AuNPs about 16-20 nm. In addition, SEM
image of AuNPs is displayed in Figure 4.19.
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Figure 4.18. LSPR spectra of Gold Nanoparticles (AuNPs)
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Figure 4.19. SEM image of AuNPs

4.7.2.Modification of AuNPs with Bacteria and Recognition through
Bacteriophages

The AuNPs were modified with E.coli. Thespecific phage of the E.coli namely,
T4 was then added on the E.coli coated AuNPs. In the last step of this section, specific
phage of Salmonella namely, SaP was added to prove the specificity of the T4 phage

towards E. coli. LSPR measurements were performed at each step (Figure 4.20).
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Figure 4.20. LSPR analysis of E.coli modified AuNPs and T4 bacteriophage interaction
AuNPs (Blue), AuNPs modified with E.coli (Red), Bacteriophage (T4)
Interaction with E.coli modified AuNPs (Green), Salmonella phage (SaP)
Interaction with E.coli modified AuNPs (purple)

Figure 4.20 displays the LSPR Amax of conjugation process of AuNPs with E.coli.
The LSPR Amax of the unfunctionalized AuNPs was measured to be 526 nm. AuNPs
were incubated with E.coli for 1 hour. After washing of excess E.coli on AuNPs, the
LSPR Amax was measured to be 533 nm. The LSPR Amax change was obtained an 8 nm
red-shift that was attributed to attaching of bacteria to gold surface. E.coli attaches AuNPs
through electrostatic interactions since AuNPs have positive charge while E.coli is a gram
negative bacteria and have an outer covering of phospholipids and lipopolysaccharides
imparting a strongly negative charge to the surface of bacterial cell wall. AuNPs coated
with bacteria were then interacted with specific phage of E.coli (T4) for 30 minutes and
after that washing step was applied to remove unbounded phage. LSPR Amax was
measured to be 542 nm corresponding to a 9 nm red-shift compared with bacteria coated
AuNPs. Separately, in order to show specificity of T4 phage towards E.coli, bacteria
coated surface was also incubated with phage of salmonella. LSPR Amax was measured to
be 533 nm. The results showed that E.coli was selectively detected with its own specific
phage using AuNPs based LSPR system. Because, the LSPR signal did not shift when
the phage of the salmonella was added on the E.coli modified AuNPs.
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The same procedures were also applied for Salmonella infantis bacteria and its
specific phage namely, SaP. In the control experiment to verify the specifity, T4 phage
was used. Figure 4.21 displays LSPR spectra of bacteria and bacteriophage interactions

for Salmonella infantis.
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Figure 4.21. LSPR analysis of Salmonella infantis modified AuNPs and SaP
bacteriophage interaction. AuNPs (Blue), AuNPs modified with Salmonella
infantis (Red), Bacteriophage (SaP) Interaction with Salmonella infantis
modified AuNPs (Green), E.coli phage (T4) Interaction with Salmonella
infantis modified AuNPs (purple)

The LSPR Amax of the AuNPs was measured to be 526 nm. Gold nanoparticles
were incubated with Salmonella infantis and after washing step of excess bacteria on the
surface, the LSPR Amax was measured to be 536 nm. The LSPR Amax change was almost
10 nm red-shift that was attributed to the binding of bacteria. AuNPs coated bacteria
surface were then interacted with specific phage of Salmonella infantis (SaP) for 30
minutes and after that washing step was applied to remove unbounded phage. LSPR Amax
was measured to be 545 nm corresponding to a 9 nm red-shift compared with bacteria
caotaed AuNPs. To display specificity of bacteria and phage interaction, bacteria coated
surface was exposed to the phage of E.coli. In this case, the LSPR Amax was measured to
be 536 nm. The results show that Salmonella infantis was detected with its own specific

phage.
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Finally, AuNPs were used to detect the interaction between the specific phage of
Staphylococcus aureus (SP) and Staphylococcus aureus bacteria. Figure 4.22 displays
the AuNPs based LSPR spectra of bacteria - phage interactions for Staphylococcus

aureus. In the control experiment to verify the specifity, T4 phage was used.
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Figure 4.22. LSPR analysis of Staphylococcus aureus modified AuNPs and SP
bacteriophage interaction. AuNPs (Blue), AuNPs modified with
Staphylococcus aureus (Red), Bacteriophage (SP) Interaction with
Staphylococcus aureus modified AuNPs (Green), E.coli phage (T4)
Interaction with Staphylococcus aureus modified AuNPs (purple)

The LSPR Amax of the AuNPs was measured to be 526 nm. AuNPs were
functionalized with Staphylococcus aureus for 1 hours. After removing of excess
Staphylococcus aureus on AuNPs, the LSPR Amax was measured to be 532 nm. The LSPR
Amax change was obtained an 8 nm red-shift correspond to presence of bacteria. Then,
AuNPs coated bacteria surface were then modified with SP phage for 30 minutes and
after that washing step was applied to remove unbounded phage. LSPR Amax was
measured to be 543 nm corresponding to 11 nm red-shift in contrast to back step. To be
sure detection of Staphylococcus aureus, T4 phage was added Staphylococcus aureus

coated surface and in LSPR spectrum no change was observed.
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The spectra clearly shows that AuNPs were modified with Staphylococcus aureus
bacteria and the specific recognition of this bacterium by its specific phage, SP can be

detected via bacteria-coated AuNPs based LSPR measurement.
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CHAPTER 5

CONCLUSION

In the first part of this thesis, an LSPR spectroscopy device having different
characteristics from existing systems was produced. The main difference from existing
systems is the addition of microchannels potentially allowing rapid analysis at low
concentrations and volumes. This design potentially makes the analysis of more than one
substance to be performed at the same time through microchannels. Another significant
advantage of the LSPR device produced is its ease of use and portability because of its
compactness and small size, allowing the measurements to be performed in non-
laboratory settings.

In the second part of the thesis, gold nanorods (AuNRs) and nanospheres (AuNPs)
were successfully prepared by wet chemistry. The surface of gold nanorods was covered
with a mixture of monofunctional mPEG-SH and heterofunctional SH-PEG-NH2. LSPR
anaylsis was performed to obtain the optimum PEG concentration and the appropriate
composition of the PEG mixture. According to the results obtained from the LSPR results,
the optimum concentration used to coat the surface of the gold nanorods was found to be
I mM and the optimal molar ratio of mPEG-SH:SH-PEG-NH2 to be 4:1. A model
monoclonal antibody against 2-keto-3-deoxy-D-glycero-D-galacto-nononic acid (KDN),
a sialic acid residue overexpressed in certain cancer cells, anti-KDN antibody was
conjugated to PEGylated AuNRs and KDN molecules at varying concentrations were
detected via LSPR spectroscopy. The most significant red shift was observed at 5 mM
KDN concentration. Importantly, the LSPR analysis indicated that a small anionic
molecule, citric acid did not bind the antibody coated AuNRs, revealing that the antiKDN-
coated AuNRs was specific to the antibody’s specific antigen, KDN.

In the second part, bacteria and bacteriophage interactions were investigated as a
model system via AuNPs-based LSPR spectroscopy. AuNPs were first activated with
E.coli, Salmonella infantis or Staphylococcus aureus bacteria. Specific phages of the
bacteria were detected successfully via bacteria coated AuNPs-based LSPR. Importantly,
the recognition was verified to be specific through control experiments performed using

non-specific bacteriophages.
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5.1.Future Works

The studies performed in this thesis can be further extended to include the

following investigations:

1.

New characteristics such as temperature sensor, software program that provides
information about the binding kinetics of molecules can be included in the newly
designed portable LSPR device.

An antibody other than anti-KDN antibody can be used to further confirm the
specificity of the AuNRs based LSPR system developed. Antibody concentration
on the surface can be varied and lower concentrations of analytes can be tested to
investigate the sensitivity of the system.

Creating nanostructures, such as gold triangles, or attaching gold nanoparticles
via chemical methods, on the sensor surface can be investigated to analyze

samples at lower concentrations.
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