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ABSTRACT

DESIGN OF LOCALIZED SURFACE PLASMON RESONANCE
(LSPR) BASED BIOSENSOR FOR DETECTING A POTENTIAL
CANCER BIOMARKER

Conventional methods for detection of cancer are invasive, expensive and not
suitable for early diagnosis. Therefore, demand for simple, sensitive and rapid biosensors
for detection of cancer have been enormous. Gold nanorods (GNRs) have been ideal
materials for utilization in biosensors because of their exceptional optical properties.
Localized surface plasmon resonance (LSPR) which is created on GNR surface can be
used for the development of label-free and sensitive biosensor systems. LSPR responds
to changes in the refractive index of the surroundings and this change can be observed as
the shift in the maximum absorption wavelengths. In this thesis, an LSPR based GNR
biosensor was developed for sensitive detection of a sialic acid as a potential cancer
biomarker. For this purpose, GNRs were synthesized at around 40-50 nm in length.
Afterwards, glass surfaces were coated with GNRs and functionalized with self-
assembling molecules. Specific monoclonal antibodies(Ab) were conjugated to the
surface. The surface modifications were characterized via contact angle, scanning
electron microscope, Fourier transform infrared spectroscopy and zeta potential. Ab-
functionalized glass surfaces were used to quantitatively detect specific molecular
bindings via LSPR. The sensitivity of the biosensor was determined as 281 RIU/nm. The
detection limit in PBS was 1 nM, while in serum it was found to be as 10 nM because of
the high protein content of serum. Control experiments showed that the developed
biosensor chip was selective. The proposed system is promising for early diagnosis of
cancer since it can detect a potential cancer biomarker at concentrations as low as

nanomolar level.



OZET

POTANSIYEL BIR KANSER BELIRTECININ SAPTANMASI ICIN
LOKALIZE YUZEY PLAZMON REZONANSI ESASLI BIYOSENSOR
TASARIMI

Kanser teshisi i¢in bilinen yontemler invaziv ve maliyeti yiiksek yontemlerdir.
Ayrica erken teshiste basarili olamamaktadir. Bu sebeple gilivenilir, hassas ve hizli 6l¢lim
saglayabilen biyosensorlere ihtiyag artmustir. Altin nanogubuklar essiz optik ve
elektriksel ozellikleriyle biyosensorlerde kullanmak i¢in ideal bir malzemedir. Altin
nanogubuklarin yiizeyinde olusan lokalize yiizey plazmon rezonansi (LSPR) ile etiket
gerektirmeyen ve hizli sonug veren, hassas biyosensorler tasarlanabilmektedir. Lokalize
yiizey plazmon rezonansi ortamin kirinim indisi degisimine gore yanit vermektedir ve bu
degisim ultraviyole-goriiniir 151k spektroskopisinde maksimum dalgaboyundaki pik
kaymalarina bakarak gozlenebilmektedir. Bu ¢alismada LSPR temelli altin nanogubuk
biyosensor tasarlanmigtir. Potansiyel kanser belirteci olarak bir sialik asit molekiiliiniin
teshisi amaglanmistir. Bu amag i¢in dncelikle altin nanogubuklar 40-50 nm boyutlarinda
sentezlenmistir. Ardindan, cam yiizeyler altin nanogubuklar ile kaplanmis ve yiizey,
spesifik molekiiller ile fonksiyonellestirilmistir ve kanser belirtecine spesifik monoklonal
antikor, ylizeye baglanmistir. Yiizey karakterizasyonlari temas ag¢i ol¢limii, taramali
elekttron mikroskobu, Fourier doniigiimli kizildtesi spektroskopisi ve zeta potansiyeli
Olctimleri ile yapilmistir. Antikor ile fonksiyonellestirilmis cam yiizeylerdeki spesifik
molekiiler baglanmalar kantitatif olarak LSPR ile belirlenmistir. Biyosensoriin
hassasiyeti 281 nm/RIU olarak bulunmustur. Dedeksiyon limiti tampon ¢dzeltide 1 nM,
serumda ise yiiksek protein igerigi sebebiyle 10 nM olarak bulunmustur. Biyosensoriin,
teshisi amaclanan sialik asit molekiiline kars1 segiciligi kontrol deneyleriyle
gosterilmistir. Tasarlanan biyosensor, nanomolar seviyesi gibi diisiik konsantrasyonlarda

Olclim saglayabildiginden kanserin erken teshisi i¢in umut verici bir sistemdir.
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CHAPTER 1

INTRODUCTION

Biosensors are systems which sense biological signals and convert these signals
into detectable signals via a transducer. Biosensors involve a bioreceptor immobilized on
the sensor surface which specifically recognizes a target analyte. This biorecognition
creates a biological signal then it is converted and displayed on a processor. In the past
decades, biosensors have emerged in biomedical applications as a consequence of
increase in need for noninvasive, sensitive and accurate detection sytems (Erickson et al.,
2008).

Localized surface plasmon based (LSPR) biosensors provide a label-free and
sensitive detection by using optical properties of metal nanostructures. LSPR theory relies
on changes of the refractive index of the environment. When a molecule binds to the
surface of a metal nanoparticle, it alters the refractive index. This response can be tracked
on the shift of the maximum absorption peak wavelength on UV-Vis spectra. Gold
nanoparticles are well-known materials for utilization in LSPR-based biosensors. Gold
is a chemically stable material. Itis resistant to oxidation. Moreover, refractive index
sensitivity of gold nanoparticles is quite high especially when gold is used in nanorod
shape. Gold nanorods (GNRs) present two plasmon bands which are transversal and
longitudinal bands due to their LSPR properties. Longitudinal plasmon band (LPB) reacts
to molecular bindings on the nanorods surface and gives information about the aspect
ratio of GNRs.

For LSPR-based biosensor applications, GNRs can be used in either solution form
or immobilized formon a substrate. Immobilization method is more favorable since GNRs
on a substrate are more stable and controllable. Surface functionalization of GNRs is
crucial to enable sensitive and selective receptor-analyte binding. Surface modification
of GNRs generally takes place via strong gold-sulfur bond. Molecules immobilized on
GNR surface create a self-assembled monolayer and provide further modifications such
as antibody or protein conjugation. Oligo ethylene glycol (OEGs) are the best known
SAM molecules to prevent nonspecific protein adsorption.



Cancer is among the leading causes of death in the World in the recent years.
Traditional methods for detection of cancer are invasive,expensive and complicated.
Moreover, these methods are not favorable for early diagnosis. Therefore, there is a need
for trustworthy, sensitive, simple andlow-cost biosensing systems for detection of cancer.
LSPR based GNR biosensors for cancer detection have been reported in some studies
which are based on biorecognition of the specific cancer biomarker by immobilizing the
recognition element on the GNR surface.

In the scope of this thesis, an LSPR based GNR biosensor platform was developed
with the aim of detection of a sialic acid as a potential cancer biomarker. For this purpose,
glass surfaces were silanized, and PEG stabilized GNRs were immobilized onto the glass
surfaces. Afterwards, the surface was functionalized with self-assembling molecules. The
monoclonal antibody which is specific to the target sialic acid was bound to the surface
via EDC/NHS chemistry. The surface modifications were characterized via several
techniques including contact angle, scanning electron microscope, Fourier transform
infrared spectroscopy and zeta potential.

Ab-functionalized glass surfaces were used to quantitatively detect specific
molecular bindings via LSPR. Sensitivity and selectivity of GNR-based biosensor
platform were investigated through several different experiments. All the results

presented in Chapter 5, Results and Discussion.



CHAPTER 2

LITERATURE REVIEW

2.1. Biosensors and Their Applications

Biosensors were first discovered in 1962 by Clark and Lyons to measure glucose
levels in biological samples via an enzyme electrode. This biosensor was an
electrochemical biosensor which was based on oxygen consumption by an enzymatic
reaction (Clark and Lyons, 1962). Since then, different types of biosensors have been
developed for various applications such as medical diagnostics, food quality
measurement, biological agent detection or environmental monitoring (Lee, 2008).

A biosensor can be defined as a device that sense and converts biological signals
to detectable signals. It consists of three main components, namely bioreceptor,
transducer and signal processor (Figure 2.1). Bioreceptor is the molecular recognition
element which is specific to bioanalytes to be detected. Bioreceptor can be enzyme,
antibody/antigen, disease biomarkers, DNA/RNA or microorganisms. They are
immobilized onto the sensor surface via physical or chemical interactions. The mostly
used forms of bioreceptors used in biosensors are rely on antibody/antigen bindings,
DNA/RNA or aptamer interactions, cellular interactions, enzymatic interactions such as
microorganisms and synthetic bioreceptor using biomimetic approaches.

In biosensing applications, specific recognition of analyte by bioreceptor is
essential. When analyte specifically binds to its bioreceptor, a signal is produced then this
signal is converted and read out by a transducer (Kirsch et al., 2013). Transducer type
generally identifies the biosensor type. Depending on the signal measuring system, it can
be electrochemical, optical, piezoelectric, thermal, acoustic or calorimetric etc. After
transducer converts the signal, it is displayed in data processor as quantitatively or
qualitatively. (Ali et al., 2017).
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Figure 2.1. Components of a biosensor

(Source: Y. Zhou, Fang, and Ramasamy, 2019)

Biosensors have some characteristics which are used to determine performance of
biosensor. These are;

. Linearity: It refers the linear relationship between analyte concentration
range and biosensor response.

. Selectivity: It is the most important characteristic of a biosensor.
Selectivity is the ability to specifically recognize only the target analyte in a complex
solution. Biosensor should not give a response to any other molecule other than the
analyte.

. Sensitivity: It is the ability to detect minimum concentration change of an
analyte. Minimum concentration that a biosensor detects is defined as limit of detection.
It is also related with sensitivity.

. Stability: It is the change in sensitivity over time or during long incubation
steps.

. Reproducibility: It determines the accuracy of a biosensor. A
reproducible biosensor gives identical responses in every measurement (Bhalla et al.,
2016).



Biosensors have been widely used in various applications. In recent years,
biosensors gain importance with the increase in demand for cost-effective, practical, real
time systems. In food industry, biosensors are used to monitor food quality and safety
such as detection of pathogens or additives. For instance, Escherichia coli (E. coli) is a
foodborn pathogen and can contaminate vegetables therefore it is crucial to detect E.coli
presence in food. In a study, E. coli was detected using potentiometric biosensor systems
by indication of pH changes due to ammonium productions (Ercole et al., 2003).
Sweeteners are the most common additives in food industry to improve the taste. But
excess of sweeteners might cause diabetes, cardiovascular diseases or cancer. For this
reason, detection and quantification of sweeteners are important for food safety and
consumer health. Biosensors are efficient systems for rapid and low cost detection of
sweeteners. Radulescu and coworkers developed an enzymatic biosensor for detection of
aspartame which is an artificial sweetener. The proposed biosensor was rapid, low-cost
and stable amperometric biosensor (Radulescu et al., 2014). Biosensors were also used
for general toxicity detection like heavy metals like lead, copper, cadmium and some kind
of pesticides in food safety applications also in environmental safety (Mehrotra, 2016).

Most of the biosensors reported in the last years have been in the category of
biomedical applications. They are basically based on molecular recognition mechanisms
like antibody-antigen, enzyme-substrate, biomarker-bioreceptor, protein-protein or
nucleic acid interactions. In biosensors market today, point-of-care glucose biosensors
are widely used especially by diabetic patients for detection of blood glucose levels
(Kirsch et al., 2013). These biosensors dominate the biosensors industry with 71.3%
market size in 2018 according to Global Market Insight Biosensor Report. Glucose
monitoring biosensors have started with Clark and Lyons. With the advancements in
science and technology, these biosensors were then improved and categorized as first,
second and third generation. Today, commonly used one is the third generation glucose
biosensors which is based on sensing of the electrochemical signal produced by electron
utilizations in a biointeraction process (Sabu et al., 2019). In the biosensors market, home-
use pregnancy tests are also popular biosensors. They are based on detection of human
chorionic gonadotropin (hCG) protein which is a pregnancy marker (Gnoth and Johnson,
2014).

Medical biosensors have shown great potential for detection of diseases such as
cancer and infectious diseases. Detection mechanism is generally established on

molecular recognition of biomarkers of the diseases. Biomarkers include circulating



tumor cells, nucleic acids, peptides or proteins. These biomarkers can be obtained from
biological fluids such as blood, urine or saliva. Presence or concentration of biomarkers
give information about the stage of the disease. In the last years, antibody-antigen
detection systems have been the most extensively developed and applied. For instance,
prostate specific antigen (PSA) was used in many studies for detection of prostate cancer.
Today, there are devices which give results as fast as 10 minutes noninvasively.
Monitoring of carcinoembryonic antigen levels like CA-125, CA19-9 are also possible
with biosensors to evaluate the response of a patient to therapy for numerous cancer types
(A. Chen and Chatterjee, 2013)(Battersby et al., 2012).

Biosensors for detection of infectious diseases mostly employ antibodies as a
recognition agents, In the literature, there are studies about detection of Hepatitis B,
dengue, malaria, cholera etc. (Pejcic, Marco, and Parkinson, 2006).

Biosensors are also suitable for drug development studies. This type of biosensors
is used to check drug compounds with known bioactivity or to analyze unknown
compounds for drug utilization. Antibiotics like penicillin, inhibitors and neuro actives

are some of the targets for recent attempts in drug screening biosensors (Keusgen, 2002).

2.2. Types of Biosensors

Biosensors generally classified and named either by their transducer type or
bioreceptor type. Biosensors based on bioreceptor types include enzymatic, nucleic-acid
based, protein-based. Depending on the transducer types, the most common biosensors
are electrochemical, optical, mass-based transducers (Malekzad et al., 2017). Most of
electrochemical biosensors relies on amperometry or voltammetry techniques which are
related with electrical potentials and current changes in the system. Optical biosensors
are based on absorption, scattering or fluorescence phenomenon. In the category of
optical biosensors, surface plasmon resonance (SPR) method have been widely reported.
SPR occurs through metal nanoparticles such as silver, copper or gold. Biorecognition
event in this type of biosensors happens via detection of change in the dielectric constant
of the surrounding environment. Mass-based biosensors are usually piezoelectric

biosensors which work based on sound vibrations. When binding occurs between receptor



and analyte, the mass change produces vibrations in the piezoelectrical material and this
leads to change of the frequency (Vo-Dinh and Cullum, 2000)

2.3. LSPR Theory and Biosensing with LSPR

Surface plasmon resonance (SPR) is an optical phenomenon occurs when
polarized light strikes a metal film and excites the conduction band electrons of a metal.
These electrons oscillate collectively with a resonance frequency and propagate along the
metal surface. As a result, an absorbance peak is produced in the UV-visible range. SPR
signal basically originates changes in the local dielectric environment since these changes
affect the electron charge density (Willets and Van Duyne, 2007). SPR is highly
dependent on size, composition, shape of metals and refractive index of the surrounding.
In biosensing applications, SPR technique has been widely used to study the detection of
biomolecular interactions. In the past decades, many SPR biosensors have been
developed and commercialized since they provide high refractive index sensitivity, label-
free and real-time detection. However, fabrication of SPR biosensors is expensive and
requires complex instrumentation. Also, SPR only exists in bulk metal and it has large
electromagnetic field decay length. Due to these drawbacks, localized surface plasmon
resonance (LSPR) has attracted more attention (Kosuda et al., 2011). LSPR exists in
metallic nanoparticles (MNPs) and it is highly localized at each individual MNP which
enables the design even a single nanoparticle-based biosensor (Figure 2.2). In addition,
LSPR can be excited directly when light interacts to the MNP surface without a need for
any additional components like prisms. LSPR based biosensors can be easily designed by
immobilizing MNPs onto substrates or as a solution of MNPs. Surface of MNPs are
functionalized with specific bioreceptors and bioanalytes are detected. LSPR based
biosensors require simple laboratory equipment therefore LSPR is a low-cost technique
compared to SPR. Especially, while using nanosized particles for sensitive detection,

LSPR provides much more favorable system (Mayer and Hafner, 2011).
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Biosensing with LSPR usually rely on the shift of the peak wavelength in the

absorption spectrum. This shift occurs with changes in the refractive index of the
environment and it is the indicator of the molecular binding. LSPR shifts can be

monitored via a UV-VIS spectrometer.
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Figure 2.3. Mechanism of detection with an LSPR biosensor
(Source: Nicoya Life, n.d.)



Similar to SPR, peak wavelength of LSPR depends on the composition, size,
shape, orientation of the material. Since these properties alter the nanoparticle extinction
and scattering, the position and shape of the spectra can vary. Gold and silver are the most
common nanomaterials in LSPR biosensing. There are studies reported using these
materials in shape of rod, sphere, stars or bipyramids. UV-vis spectra of gold

nanoparticles with different shapes is shown in Figure 2.4.
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Figure 2.4. Nanoparticle shape effect on LSPR spectra
(Source: Sepulveda et al., 2009)

2.4. Gold Nanorods in Biosensing

Nanosized gold is one of the most studied noble metals due to its exceptional
optical and electrical properties. When compared to other noble metal nanoparticles, gold
exhibit strong optical extinction, less toxicity and low reactivity which make them an
ideal tool for biomedical applications. Moreover, they have proven to be flexible
nanoparticles with facile synthesis and tunability of their size and shape. (Pissuwan,
Valenzuela, and Cortie, 2008) In recent years, gold nanoparticles have been used in
various shapes including nanorods, nanospheres, nanostars. Among these, gold nanorods
have shown great potential for biosensor applications since they provide strong light

absorption. (Huang et al., 2007)



Gold nanorods present two absorption bands in absorption spectrum which are
longitudinal plasmon band and transverse plasmon band corresponding to long and short
axes of electron oscillation, respectively. Transverse plasmon band (TPB) is generally
located around 520 nm and it is not sensitive to changes in refractive index of the
environment whereas longitudinal plasmon band (LPB) is highly sensitive to changes in
the refractive index and occurs at higher wavelength. LPB is dependent on the aspect ratio
of GNR. When aspect ratio increases, LPB peak wavelength is red-shifted. It has also
shown that LPB is the indicator of molecular binding events on the GNR surface. In
biosensing applications, as an analyte binds to bioreceptor on the surface, local refractive
index changes and LPB shows a redshift. In terms of sensitivity, shift increases with
proportional to concentration of the analyte since it affects the refractive index. (Mannelli
and Marco, 2010)
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Figure 2.5. Electron oscillations on a gold nanorod surface and LSPR spectra
(Source: Cao, Sun, and Grattan, 2014)

2.5. Synthesis of Gold Nanorods

There are two types of synthesis methods to produce gold nanorods: top-down

and bottom-up methods. In top-down approach, bulk metal is remodeled to nanoscale size

10



using different techniques. In bottom-up approach, metal molecules assembly and form
the nanoparticles. (Onaciu et al., 2019)

Bottom-up approaches have been the most widely used as they are inexpensive
and provide high yield synthesis when compared to top-down approaches. Among
bottom-up approaches in the literature, seed-mediated growth method has been the most
popular method. This method involves two steps which are preparation of seed solution
and growth of this solution to produce gold nanorods. Seed solution is prepared by
reduction of gold (111) (Au*®) ions. Thus, seeds which are gold spherical nanoparticles (~4
nm), are produced. In growth solution, these gold seeds are allowed the growth of GNRs
in presence of suitable agents. (J. Zhou et al., 2017)

Seed-mediated growth method was first reported by Murphy and coworkers in
2001. They used chloroauric acid (HAuUCIls) as the source of gold. In seed solution,
HAuUCIs was reduced using sodium borohyride (NaBHa) in the presence of trisodium
citrate. After that, seed solution was added to growth solution which was prepared with
HAuUCIy, cetyltrimethyl ammonium bromide (CTAB) as capping agent, ascorbic acid as
weak reducing agent and silver nitrate (AgNO3) for shape and size control (Figure 2.6).
However, GNR yield of the final solution was still relatively low. It contained large
amounts of spherical shapes as well as the other particle shapes. It was possible to
estimate this impurity by comparing the longitudinal and transverse plasmon bands (Jana,
Gearheart, and Murphy, 2001). In 2003, El-Sayed et. al. improved this method and
minimized the formation of other shapes and increase the yield of the production of gold
nanorods. They replaced trisodium citrate with CTAB in the seed solution and they fine-
tuned the concentration of silver ions for better controlling of aspect ratio of the gold
nanorods. This method provided a high yield as %99 and GNRs with aspect ratios ranging
from 1.5 to 4.5 were produced. (Nikoobakht and El-Sayed, 2003)

Seed-mediated method has been optimized in many studies since 2000s and it is
still one of the most utilized methods. Since it is a delicate method, parameters like CTAB
concentration, reaction time, pH or temperature can alter the size, shape and dispersion
of the nanorods. Therefore, while designing the experiments, these parameters should be

considered to produce gold nanorods with desired features.
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Figure 2.6. Synthesis and reduction steps of GNRs
(Source: Sharma, Park, and Srinivasarao, 2009)

2.6.Surface Modification of Gold Nanorods

CTAB is an essential surfactant for GNR synthesis but it is highly cytotoxic and
this restricts the utilization of CTAB-capped nanorods in biomedical applications.(Jia et
al., 2020) Moreover, CTAB molecules create a bilayer on the GNR surface and make the
surface positively charged. For these reasons, CTAB should be either replaced or covered
in order to use GNRs in biological applications. (Nikoobakht and El-Sayed, 2001)

Covering CTAB can be achieved with anionic polyelectrolytes via electrostatic
interactions. Polystyrene sulfonate (PSS) and polyacrylic acid (PAA) are well-known
anionic polyelectrolytes which have been used for CTAB covering purposes. These
molecules can provide attachment of antibodies or other proteins through hydrophobic
interactions or covalent bonding such as EDC/NHS chemistry. (Gole and Murphy, 2005)

Additionally, layer by layer (LBL) deposition method have been reported in many
studies. Negatively and positively charged polyelectroyltes are successively deposited

onto CTAB-capped GNRs. The cycle was repeated multiple times similar to standard
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LBL technique. This technique is easy and efficient but due to electrostatic interactions it
has stability issue for long time storage. (Huang, Neretina, and El-Sayed, 2009)

Another method for modification of GNR surface is ligand exchange method. The
method refers to partially replacement of CTAB with other molecules which provide
stability and biocompatibility. In functionalization of GNRs, ligand exchange usually
occurs via well-known gold — thiol (SH) bond chemistry due to strong gold — sulfur (S)
bond. Thiol terminated polyethylene glycol (PEG) is one of the most commonly used
ligands for surface modification of GNRs. (Vigderman, Khanal, and Zubarev, 2012)
PEGylated GNRs show high stability in aqueous solutions and some organic solvents.
Moreover, they demonstrate low cytotoxicity and high biocompatibility. (Grabinski et al.,
2011) In a study, PEG modified GNRs were evaluated in terms of cytotoxicity in vitro
and stability in physiological conditions. It was shown that PEG is an excellent candidate
for replacement of CTAB (Niidome et al., 2006).

2.7. LSPR Based GNR Biosensors

LSPR based GNR biosensors have emerged as powerful tools for detection of
biological molecules. They are easy to fabricate, label-free and sensitive systems.
Configuration of LSPR based GNR biosensors can be either as suspending GNRs in the
solution or immobilizing them on a substrate.

In solution based sensors, surface modification and functionalization also analyte
detection are carried out within the GNR solution. Wang et. al. designed a GNR biosensor
to detect hepatitis B surface antigen which is related with hepatitis B infection. In the
study, after GNR were synthesized CTAB was removed from the GNR surface by
centrifugation. Then, hepatitis B surface antibody solution were added to the as-prepared
GNR solution directly. The biosensor was qualitatively analyzed in buffer, blood serum
and plasma samples. All steps of the experiment took place in the solution. (X. Wang et
al., 2010) Compared to substrate based biosensors, solution based biosensors are easy to
design. However, solution based GNR biosensors are less stable and aggregates when
storaged over a long period of time. Moreover, when GNRs are used in solution form,
washing steps after every modification may alter the intensity of the nanorods and lead to

inaccurate results. Therefore, immobilizing GNRs on a substrate provide more
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controllable and stable biosensor system. (Y. Wang and Tang, 2013) In a recent study,
solution based and chip based GNR biosensors were compared with respect to sensitivity
and antibody-antigen bindings. Sensitivity of chip based sensor was found to be 297 nm
RIU™ while solution based sensor’s was only 196 nm RIU™. Furthermore, chip based
sensor had lower limit of detection. (Peixoto, Santos, and Andrade, 2019)

As a substrate, glass is an ideal material since it is optically transparent and cheap.
Immobilization of GNRs into glass can be achieved using alkoxysilanes, the reaction is
called as silanization. In this reaction, glass surface is initially hydroxylated thus
hydrolysable alkoxy groups of silane molecules create covalent bonds with the hydroxyl
groups. Afterwards, GNRs are attached to terminal groups of the silane molecules that
can be thiol (-SH) or amine (-NH2).

Chilkoti and coworkers fabricated a chip based GNR biosensor as a proof of
concept study. Immobilization of GNRs onto glass was acquired by MPTES
modification. Firstly, glass substrates were cleaned, then incubated in %10 MPTES
solution in ethanol. Next, the substrates were immersed into CTAB free GNR solutions
to prepare gold nanorod chips. Mercaptohexadecanoic acid (MHA) and (1-
Mercaptoundec-11-yl)tri(ethylene glycol) (EGsSH) formed a self-assembled monolayer.
Following that, streptavidin was conjugated and varying concentrations of biotin was
introduced to the surface (Figure 2.7). Detection was carried out via biotin solutions both
in PBS and 40% serum. Finally, limit of detection was determined as 94 pM in PBS and
19 nM in serum. They also investigated distance dependence of the LSPR response and
found out the sensor could detect refractive index changes up to 40 nm from GNR surface.
Moreover, when they compare the results with their previous work on detection with
nanospheres, they found out that nanorods based LSPR sensor has much lower detection
limit. (Marinakos, Chen, and Chilkoti, 2007).

In another research, GNR based LSPR sensor was developed for detection of
circulating antigens of Schistosoma japonicum which is a zoonotic infectious agent.
After, Indium-Tin-Oxide (ITO) glass slides were cleaned with piranha solution, they were
immersed into MPTMS solutions. After overnight incubation, the slides were immersed
into as synthesized GNR solutions and GNR chips were prepared for further
modifications. Specific antibody was conjugated and antigens were successfully detected

in serum samples (He et al., 2017).
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Figure 2.7. Fabrication of the gold nanorod sensor
(Source: Marinakos, Chen, and Chilkoti, 2007)

Balamurgan et. al. investigated shape effect of the gold nanostructures and compared gold

nanorods and gold bipyramids by immobilizing both of them onto a glass substrate. The

substrate was modified with DNA aptamer which specifically binds to thrombin. The

surface was cleaned with piranha solution and submerged into APTES solution in ethanol

overnight. Next, glass substrates were incubated in solutions of thiol linked aptamers and

(11-Mercaptoundecyl) triethylene glycol (EGsSH). The response of gold nanorod based

biosensors was %25 higher than gold bipyramid based biosensors. (Balamurugan et al.,

2.8. GNR bhased LSPR Biosensors for Cancer Detection

Cancer is among the leading causes of death in the world today. According to

WHO, 18.1 million new cancer cases and 9.6 million deaths were reported in 2018.

Worldwide, there are more than 43 million people living with cancer diagnosis for 5
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years. In terms of incidence, major cancer types are lung, female breast and colorectal
cancers (WHO, 2018).

Cancer is a complex disease arises as a result of genetic or epigenetic alterations.
These alterations lead to activation of oncogenes or inactivation of tumor suppressor
genes. Currently, diagnosis of cancer is mostly based on invasive techniques such as
biopsy. However, this technique is not precise in every case. Besides, detection of early
stage cancer may not be possible with invasive techniques. Other techniques like
immunoassays can provide more accurate diagnosis but they are time-consuming and
costly. Also, they are not sensitive enough for detection of low concentration of cancer
markers (Tothill, 2009) , (Soper et al., 2006). Due to these problems, combination of
medical biosensors and nanotechnology have been emerged as potential diagnosis tools.
Specific biomarkers for particular cancer types are the key element for these biosensors.
Biomarkers include tumor associated antigens, altered genes, RNAs, overexpressed
proteins, carbohydrates or metabolite molecules. In order to capture these biomarkers,
recognition molecules are immobilized onto biosensor surface as a bioreceptor (Nie et al.,
2007).

LSPR based GNR biosensors have been used for cancer detection since they are
highly sensitive, cost effective and practical. Chen et. al. developed an LSPR based GNR
biosensor for detection of breast cancer. Breast cancer marker, cancer antigen 15-3
(CA15-3) was detected by implementing CA15-3 antibody on the GNR surface. In the
study, the biosensor was employed to determine CA15-3 levels from breast cancer patient
serum samples. In serum samples, CA15-3 concentrations measured by the hospital were
compared with the concentrations detected by the biosensor. It was shown that the results
were almost the same which confirms the accuracy of the LSPR based GNR biosensor.
(S. Chen et al., 2015) In another study, activated leukocyte cell adhesion molecule
(ALCAM) cancer biomarker was detected by GNR biosensor. The biosensor was
prepared on a glass substrate functionalized with APTES. GNRs were conjugated with
ALCAM monoclonal antibody and then recognized the ALCAM antigens. The biosensor
yielded 330 nm/RIU sensitivity and a limit of detection as low as 15 pMm (Figure 2.8)
(Pai et al., 2017).
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Figure 2.8. Refractive index sensitivity test using solutions with different refractive
indexes. Solutions were prepared with varying glycerol contents. Water
(n=1.33) was taken as the starting point (Source: Pai et al., 2017).

LSPR based GNR biosensors could detect prostate specific antigen (PSA) which
is the most common biomarker for the detection of prostate cancer. GNRs were modified
with thiolated oligoethylene (OEG) molecules then immobilized onto MPTES-treated
glass slide. After that, antibodies were conjugated onto the surface via EDC/NHS
chemistry. Next, PSA antigen was detected with varying concentrations. The lowest
concentration detected was 111 aM and 2.79 nm maximum wavelength shift which
indicated the biosensor was very sensitive (Figure 2.9). In this study, CTAB-capped
GNRs and OEG capped GNRs were immobilized onto the glass slide and their sensor
performance were compared. It was concluded that the sensor with OEG-capped GNRs

showed higher wavelength shift. (Truong et al., 2011)
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CHAPTER 3

MATERIALS AND METHODS

3.1. Materials

Chemicals: Sodium borohydride (NaBHs), ascorbic acid, silver nitrate (AgNOs),
hydrogen tetrachloroaurate(lll)hydrate (HAuUCls), hydrogen peroxide (H20.), sulfuric
acid (H2S0s), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC),
phosphate buffered saline tablets (PBS tablets) and silanization molecules were obtained
from Sigma Aldrich. Potassium carbonate and Methoxypolyethylene glycol thiol (MPEG-
SH) were also purchased from Sigma Aldrich. Hexadecyl trimethyl ammoniumbromide
(CTAB) was obtained from Alfa Aesar. Self-assembling molecules (SAM1 and SAM2)
were procured from Sigma Aldrich and Santa Cruz Biotechnology, respectively. N-
hydroxysulfosuccinimide (Sulfo-NHS) was obtained from Thermo Fisher. DMEM
(Dulbecco's Modified Eagle's medium) and Fetal Bovine Serum (FBS) were purchased
from Sigma Aldrich. Anti-lIgG antibody was procured also from Sigma Aldrich. All the
solvents which are ethanol, toluene, methanol were purchased from Sigma Aldrich.
Distilled water was obtained from a Millipore Milli-Q Plus water purification system with
a 0.22 um filter. Microscopic slides were acquired from ISOLAB.

Instruments: Attension Theta for contact angle measurements was used. Perkin Elmer
UATR Two for FTIR spectroscopy and NanoPlus Particle Sizer and Zeta Potential
Analyzer for zeta potential in Biotechnology and Bioengineering Research and
Application Centre (BIOMER) at IZTECH were used. For SEM analyzes, FEI Quanta
250 FEG in Materials Research Centre (MAM) at IZTECH was used. Diener Zepto low
pressure plasma system for oxygen plasma treatment was used. For centrifuge, Hettich
Mikro was used. Localized surface plasmon resonance spectrometer was constructed by

connection of Ocean optics USB2000+ spectrometer to an Olympus light microscope.
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3.2. Methods

3.2.1. Synthesis of GNRs

Gold nanorods were synthesized in aqueous solution using the seed-mediated
growth procedure (Nikoobakht and El-Sayed, 2003). All solutions were prepared with
using ultra pure water. Firstly, gold seeds were synthesized by adding 2.5 ml of 0.01 M
HAUCI4 solution to 5 ml 0.1 M CTAB solution followed by adding 0.6 ml of 0.01 NaBHa.
The solution was vigorously stirred initially and resulted in the formation of a brownish
seed solution. Next, the solution was gently stirred for 2 hours. Afterwards, growth
solution was prepared with using 0.08 ml seed solution, 20 ml of 0.01 M HAuCI4, 20 ml
of 0.1 M CTAB, 0.12 ml of 0.1 M AgNOz and 0.36 of 0.1 M ascorbic acid. Ascorbic acid
was used as a mild reducing agent and changed the growth solution color from brown to
colorless. During the synthesis, the color of the solution gradually changed within 15
minutes and finally stabilized. The gold nanorod solutions were grown overnight without

stirring at room temperature.

3.2.2. PEGylation of GNR solutions

CTAB on the GNR surface was replaced with thiolated methoxyPEG (mPEG-SH)
molecules for immobilization and stabilization on the glass surface. 1 ml CTAB capped
GNR solutions were centrifuged twice at 12000 rpm for 15 minutes. After every
centrifugation step, supernatants which are CTAB solutions were removed and GNR
pellets were dissolved with 1 ml water. Then, potassium carbonate (2 mM) and mPEG-
SH (20 mM) were added to every tube and left overnight incubation in dark at room
temperature. Next day, solutions were centrifuged at 12000 rpm for 15 minutes to remove
free PEG molecules. Supernatants were eliminated and GNR pellets were dissolved again
in DI water. PEGylated GNR solutions were collected in a falcon tube. LSPR spectra of

the solution were collected.
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3.2.3. Development of Biosensor Chips

Two different types of alkoxysilanes (AS1 and AS2) were investigated for
silanization of glass surfaces. Firstly, glass surfaces were cleaned with piranha solution
(H202:H2S04 1:3) for 20 minutes. Then, they were extensively rinsed with deionized
water and dried under nitrogen flow. Next, the glass chips were separated into two groups
to compare the effect of alkoxysilane molecule type on silanization and gold nanorod
immobilization. First group was immersed in AS2 solution in acetone for 2 hours. The
other was immersed into AS1 solution in ethanol and left overnight incubation at room
temperature. After two hours, AS2 treated glass surfaces were rinsed with acetone and
dried under nitrogen flow. Then, they were submerged in CTAB-free GNR solution
overnight. Next day, these surfaces were rinsed with water and dried under nitrogen.
Afterwards, LSPR spectra were acquired. AS1 treated glasses were rinsed with ethanol
and deionized water, dried under nitrogen. They were incubated in PEGylated GNR
solution overnight. (Mayer et al., 2008) After washing with DI water, they were dried
under nitrogen and LSPR spectra were collected.

AS1 treated glass surfaces after GNR immobilization were exposed to low power
oxygen plasma treatment for 30 seconds in 200 mTorr to remove the contaminants and
mMPEG-SH. After obtaining bare GNR surface, sensitivity test was performed to check the
response of the chip to increasing refractive index values. Bare GNR coated glass surfaces
were immersed into solutions with increasing refractive index values: water (n=1.33),
ethanol (n=1.36), ethanol:toluene= 3:1 (n=1.39), ethanol:toluene=1:3 (n=1.43), and
toluene (n=1.45), respectively. After immersing the bare GNR coated glass surfaces in
each solution, LSPR measurements were carried out. (Marinakos, Chen, and Chilkoti,
2007). Sensitivity test were performed on 5 independent GNR coated glass surfaces.

For functionalization of the GNR coated glass chips, self-assembling molecules
with functional groups (SAM1 and SAM2) were utilized. GNR surfaces were conjugated
with a mixture of self-assembling molecules at an optimum concentration. The glass
chips were immersed in SAMs solution and left overnight incubation. After the surfaces
were washed with DI water, they were incubated with EDC (0.4 M) and NHS (0.1 M) in
water for 10 minutes. Next, they were exposed to 10 ug/ml antibody in PBS for 2 hours.

After antibody incubation, the surfaces were washed several times with PBS and DI water
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to remove the unconjugated antibody molecules and other reagents. The antibody
conjugation was confirmed via LSPR.

3.2.4. Antigen Detection in PBS and Serum

In biosensor applications, minimizing nonspecific adsorptions is critical.
Therefore, before antigen binding studies, the surfaces were incubated in 50 mg/ml BSA
in PBS for half an hour. Then, the surfaces were rinsed and incubated with antigen
solutions with increasing concentrations in PBS at pH 7.4 for 1 hour. Antigen solutions
were prepared at the concentrations ranging from 0.1 nM to 20 uM. To test the GNR
biosensor in serum, response of the biosensor in antigen-free complex media were first
invesigated. FBS was diluted with cell culture medium at a percentage of %10 or %40.
The biosensor chips were incubated in cell culture medium, 10% FBS, %40 FBS or pure
FBS. After every incubation, LSPR analysis were carried out. Separately, %40 FBS was
spiked with increasing antigen concentrations ranging between 0.1 nM to 20 pM.
Antibody immobilized surfaces were incubated in antigen spiked FBS solutions for 1
hour. Then, the surfaces rinsed with PBS followed by LSPR measurements.

Control experiments were carried out to determine the possible non-specific
bindings to the biosensor chips prepared. Two different control experiments were
performed: In the first experiment, antibody immobilized chip surfaces were introduced
with glucose solution (50 mg/ml) in PBS for 1 hour. After 1hour incubation, surfaces
were rinsed with PBS and LSPR measurements were carried out. In the second
experiment, surfaces were first functionalized with a non-specific antibody, i.e. anti-1gG
antibody, following the same method described in Section 3.2.3. The anti-IgG antibody-
conjugated surfaces were incubated with 10 uM antigen solution in PBS for 1 hour, then
rinsed with PBS and LSPR measurement was taken.

All experiments were carried out in 3 replicates and 5 independent biosensor
chips. All LSPR spectra obtained from the experiments were smoothed and normalized

with OriginPro 2016 software.
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3.2.5. Characterization of the Biosensor

3.2.5.1. Water Contact Angle Measurement

Contact angle measurement was performed to determine wettability of the

surfaces. Measurements were carried out with silanized surfaces.

3.2.5.2. Scanning Electron Microscopy (SEM)

SEM images were obtained with FEI Quanta 250 FEG microscope under 2 kV.

Size and distribution of the gold nanorods were analyzed.

3.2.5.3. Fourier Transform Infrared (FTIR) Spectroscopy

Perkin EImer UATR Two instrument was used to characterize the molecules on
the surface before and after modifications. The measurements were carried out before and
after oxygen plasma treatment and also on SAM formed surfaces.

3.2.5.4. Zeta Potential Measurement

Zeta potential of the surfaces was measured with Nanoplus Particle Sizer
instrument. Laser source was diode laser with a wavelength of 660 nm. Measurements
were took place -500 mV to +500 mV. Measurements were carried out in PBS 7.4 and

distilled water.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1. GNR Synthesis and PEGylation

Gold nanorods were successfully synthesized by seed-mediated growth method.
CTAB was used as a surfactant and stabilizer. Firstly, seed solution was prepared by using
HAuCI4 as gold source. Then, the gold seeds in this solution were allowed to grow into
nanorod shape using a growth solution. In the growth solution, AgNO3 was used to adjust
the size of the gold nanorods also increase the yield. Figure 4.12 shows the LSPR spectra
of the synthesized GNRs. The spectra show that the transverse plasmon peak wavelength
was at around 520 nm and the longitudinal plasmon peak wavelength was at 675 nm. For
gold nanorods, the transverse plasmon band is generally between 500-550 nm and it is
related with the diameter of GNRs. Therefore, the transverse plasmon band of the
synthesized gold nanorods were consistent with the literature. Longitudinal plasmon band
(LPB) is proportional to the aspect ratio of GNRs. The relationship between longitudinal
plasmon band and the aspect ratio is shown with the following formula (YYan, Yang, and
Wang, 2003):

Amax = 95R + 420 (Equation 1)

where R is the aspect ratio. From this equation, the aspect ratio of GNRs synthesized in
this study was found to be ~2.68. The synthesized gold nanorods kept their stability in
solution form for 6 months. This long term colloidal stability was provided by CTAB.
But, to be able to use GNRs in biosensing applications it is crucial to eliminate CTAB

and using GNR solution freshly for modification steps.
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Figure 4.1. LSPR spectra of synthesized GNRs

In biomedical applications, utilization of CTAB capped GNRs are not favorable
due to high cytotoxicity of CTAB. Additionally, CTAB creates cationic bilayer on GNR
surface which adversely affects further functionalization steps and causes non-specific
interactions with serum proteins. However, complete CTAB removal leads to aggregation
of GNRs since CTAB provides great stability to gold nanorods. To displace CTAB and
maintain stability, a thiol terminated PEG was used as a stabilizer. Exchange of CTAB
with PEG took place via strong gold-thiol bond. In this study, CTAB was decanted by
two steps centrifugation and then GNRs were modified with mPEG-SH. The binding of
thiolated PEG led to red-shift on Amax Of longitudinal plasmon band (Figure 4.2). A red-
shift of 3 nm was observed on LSPR spectra which indicated CTAB was successfully
exchanged with PEG. This shift on maximum absorption wavelength can be attributed to
change on the refractive index on the GNR surface.

PEG provides uniformity when GNRs are deposited onto glass slides. Therefore,
it prevents aggregation and prepares the GNR coated surface for further modifications.
(Mayer et al., 2008)
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Figure 4.2. LSPR spectra of GNR before and after PEGylation

4.2. Preparation and Characterization of GNR Coated Glass

Surfaces

Biosensor chips were prepared on microscopic glass slides. Firstly, piranha
solution was prepared for cleaning slides to eliminate organic residues and contaminants.
This solution is a mixture of sulfuric acid and hydrogen peroxide and it hydroxylates the
surface. This hydroxylation is important for further modification of the surface with silane
molecules. Silane molecules react with the —OH groups on the surface and form Si-O-Si
bonds. In this study, two types of organosilanes, coded as AS1 and AS2 were compared,.
After both modifications, surfaces were expected to be hydrophobic. Contact angle
measurements were done to determine wettability of the surfaces (n=3). AS1 modified
surfaces showed 69° contact angle of water, whereas, AS2 modified surfaces showed 10°
contact angle of water (Figure 4.3). This result indicated that AS1 was successfully bound

onto the surface while AS2 did not.
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Figure 4.3. Water contact angle comparison of surfaces modified with different

alkoxysilane molecules (AS1 and AS2)

Immobilization of GNRs onto both types of silane modified surfaces were also
compared. After washing and drying steps, SEM characterizations were carried out.
Figure 4.4 displays SEM images of both surfaces. GNRs on AS1 modified surface were
homogenously distributed on the surface, there was no aggregation, whereas GNRs on
AS2 modified surface tended to aggregate. After these analyses, the best GNR
distrubition was found to be on AS1 modified surfaces. Thus AS1 was chosen as a

silanization agent for GNR coating and further functionalization steps.

AceV. SpotMagn - Det WD f————— 1ym AccV  SpotMagn = Det WD p—————— 1pm
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Figure 4.4. SEM images of AS1 (A) and AS2 (B) modified and GNR coated glass

surfaces
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GNR coated surfaces were developed with immersing AS1 modified surfaces into
PEGylated GNR solutions overnight. It was possible to determine successful GNR
coating from the blueish color of the glass surfaces (Figure 4.5). Next, the surfaces were
exposed to oxygen plasma treatment to obtain a bare gold surface. Oxygen plasma
removed PEG and other contaminants. Oxygen plasma does not affect AS1 bonds thus it
did not have an effect on attachment of gold nanorods on the surface. After coverage of
the surface with GNRs, blue shift was observed on the maximum peak wavelength
comparing to the solution form of GNRs (Figure 4.6). This blue shift was attributed to
the removal of PEG layer with oxygen plasma treatment and arrangement of GNRs on
the surface. Another cause of this situation was thought to be side to side coupling of
nanorods which could lead to blue shift on the peak wavelength (Tan, Anand, and
Mirsaidov, 2017). Immobilized GNRs exhibited an LSPR peak wavelength of 670 nm.

— After Gold Nanorod Deposition

Before Gold Nanorod Deposition

Figure 4.5. Before and after immobilization of GNRs onto glass substrates

SEM images of oxygen plasma treated GNR coated glass surfaces showed that
GNRs were homogeneously distributed on the surface and there was no aggregation
(Figure 4.7). Images also confirms that oxygen plasma treatment did not affect GNR
deposition or any linkages between the molecules. As seen from the Figure 4.7 size of the
nanorods were approximately 40-50 nm which was consistent with the LSPR results. In
the SEM images, GNRs were seen parallel to the surface which was expected since they
tend to adsorb onto the surface with a maximum contact area. (Marinakos, Chen, and
Chilkoti, 2007)
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Figure 4.6. LSPR spectra of GNRs after immobilization on a glass surface
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Figure 4.7. SEM images of GNR coated surface after oxygen plasma

4.3. Sensitivity of GNR Coated Glass Surfaces

Biosensing with LSPR is based on detecting peak wavelength shift with respect
to the change in refractive index of the medium and this change is related with sensitivity.
The sensitivity of LSPR biosensors is generally referred in nm/RIU which means LSPR
peak wavelength per unit of refractive index change. In other words, this value defines
how the biosensor response to difference in local dielectric environment. (Liao, Nehl, and
Hafner, 2006)
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In this study, sensitivity of the biosensor was investigated by immersing glass
chips into solutions with increasing refractive indexes. LSPR spectra were collected for
each solution. The results are shown in Figure 4.8. As expected, when refractive index of
the solution increased, peak wavelength red shifted. The change of the refractive index
versus wavelength shift was plotted and a linear relationship was achieved. (Figure 4.9)
The slope of this plot indicates the sensitivity and it was found to be as 281 nm/RIU (n=5).

This result was compared to LSPR based biosensors designed with different nanoparticles
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such as gold nanospheres (Underwood and Mulvaney, 1994) , gold nanostars (Nehl, Liao,
and Hafner, 2006) and gold nanorods with similar aspect ratio (Truong et al., 2011). It

can be concluded that the developed GNR biosensor is highly sensitive.

4.4. Modification of GNR Coated Glass Surface

High yield detection on GNR biosensors could be achieved only when the surface
is functionalized with the appropriate molecules. It is crucial to prevent nonspecific
bindings and to functionalize the surface for optimal antibody-antigen interaction.

In the thesis, a mixture of self-assembling molecules with functional groups was
prepared. Figure 4.10 demonstrates that when self-assembling molecules adhered at the
surface, 23 nm Amax red-shift occurred since refractive index of the surroundings was

changed.
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Figure 4.10. Binding of SAMs on LSPR spectra

Functionalization of the surface was also confirmed with FTIR and zeta potential
measurements. Figure 4.11 shows FTIR data obtained from PEGylated GNR surface, bare

GNR surface and SAM formation on the surface. Before oxygen plasma treatment, there
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were PEG chains on the surface (shown in red). Peaks at around 897 cm™ and 1073 cm™
be attributed to CH. rocking and stretching of C-O-C in ethylene glycol moieties,
respectively (Seol et al., 2013). Peak of the bare gold surface did not show any significant
peak which is consistent with the literature (Ermis, Uzun, and Denizli, 2017):(Singh,
Verma, and Arora, 2014). After SAM formation, strong peaks were observed in the
spectrum in accord with the chemical structure of self-assembling molecules. Peaks at
around 3700 cm™ is corresponding to —OH stretch. The strong bands in the CH-stretching
region at around 2900 cm-! indicates the symmetric —CH; stretching on SAMs. The
strong peaks at between 1142 cm™ and 1385 cm™ can be assigned to CH,— CH2 wagging
and CH: scissoring and CH, twist modes. Around 1385 cm™ and 1742 cm?, significant —
COOH moieties were observed. (Harder et al., 1998)
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Figure 4.11. FTIR spectrum of plasma treated, no plasma applied and plasma treated-
SAM formed surfaces

Immobilization of antibody took place via EDC/NHS chemistry. -COOH group
of SAMs reacts with EDC and forms an amine reactive intermediate. Sulfo-NHS converts
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this intermediate to NHS-ester and creates a stable amide bond between carboxylic acid
of the surface and amine group of the antibody (Bart et al., 2009). After two hours of
incubation in antibody solution, surfaces were rinsed and LSPR spectra was collected. A
representative 6 nm red-shift occurred which indicated successful antibody binding on
the surface. (Figure 4.12)
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Figure 4.12. Antibody binding on LSPR spectra

Also, zeta potentials after antibody immobilization were measured and the results
are shown in Table 1. Initially, zeta potentials of synthesized CTAB capped GNRs and
PEGylated GNR solutions were determined. PEGylation of GNR resulted in a decreased
surface charge from +63.24 mV to -4.87 mV. Since CTAB is a net positively charged
molecule, ligand exchange between CTAB and PEG led to this decreasing in agreement
with the literature. (Vonnemann et al., 2014) Zeta potential of the antibody in PBS was
found as -5.27 mV. On the surface, before and after plasma treatment results showed that
removal of PEG from the surface caused increased of zeta potential from -10 mV to +3.85
mV. After the adsorption of self-assembling molecules on the surface, zeta potential
turned to negative. This is because negative charges arising from —COOH groups. When
antibody was bound onto the surface, negative charge increased from -0.83 to -3.08 as

expected.
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Table 1. Zeta potential measurements

Sample Type Zeta Potential (mV)
CTAB capped GNRs +63.24 + 6.1
Solution PEGylated GNRs -4.87+2.4
Antibody in PBS 7.4 -527+1
No oxygen plasma applied
(PEGylated GNR coated -10.05+0.4
surface)

Oxygen plasma applied (bare

+3.85+0.7
Glass Surface gold surface)
Plasma treated SAM Formed 083 +0.1
Surface
Plasma treated-SAM formed- 308+18

Antibody Conjugated Surface

Effect of self-assembling molecules on nonspecific bindings, was investigated
with incubation of the bare GNR surface in antibody solution. On a separate surface, SAM
molecules were formed on the surface without performing the subsequent EDC/NHS
chemistry. The surface was then incubated within specific antibody solution. LSPR
measurements of both surfaces were compared. When antibody was incorporated to bare
gold surface, an obvious shift occurred in LSPR spectra. This red-shift was assigned to
non-specific binding of gold nanorods to amine groups of the antibody. Amine-gold bond
is much weaker bond than thiol-gold bond and can be considered similar to noncovalent
bonds in terms of bond strength (Hoft et al., 2007). Also, amine-gold bond may cause
aggregation problems. Therefore, functionalization of the surface with self-assembling
molecules is important. When self-assembling molecules were present on the surface,
they prevented nonspecific bindings by means of the protein repelling nature of the

functional groups on self-assembling molecules. No shift was observed even at 50 pg/ml
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antibody concentration. It can be concluded that SAM molecules are capable of
preventing nonspecific bindings. (Figure 4.13)
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Figure 4.13. Effect of self-assembling molecules on preventing nonspecific bindings A)
Antibody incubation without SAM and EDC/NHS B) Antibody incubation
after SAM formation without EDC/NHS.
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4.5. Control Experiments for Determination of Selectivity and

Specificity

Selectivity is one of the most important characteristic of a biosensor. A good
biosensor should respond to only specific target molecules. Evaluation of selectivity of
proposed GNR biosensor was carried out with glucose and BSA at higher concentrations
than antigen concentration at the saturation point. Glucose was chosen for the reason that
it is a small saccharide molecule like the biomarker to be detected. Therefore, comparison
of the responses of the biosensor to glucose and the antigen is significant. Figure 4.14
illustrates LSPR spectra when antibody coupled surface was incorporated with glucose,
BSA and the antigen, respectively. It was found that GNR biosensor did not respond to
any molecule other than its specific target. Based on this result, selectivity of the

biosensor was confirmed.
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Figure 4.14. Specificity of the antibody to the antigen on LSPR spectra

After selectivity test, specificity of the biomarker to its antibody was investigated.

An anti-1gG antibody was used for this purpose. Anti-IgG antibody conjugated surface
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was incubated with the target sialic acid solution at the highest concentration tested (10
uM). LSPR spectra indicated that the target analyte did not bind to anti-1gG antibody
functionalized surface which proves that the developed GNR biosensor was specific and

selective. (Figure 4.15)
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Figure 4.15. Antigen incorporation onto surface modified with non-specific anti-lgG

antibody. Antigen did not bind and no shift was observed on LSPR spectra.

4.6. Antigen Detection in PBS and Serum

After antibody immobilization, GNR biosensor chips were treated with BSA
solution to minimize nonspecific bindings during antigen detection experiments. BSA is
a well-known blocking agent since it successfully blocks remaining non-functional spaces
on the surface. (Ahirwar et al., 2015) Next, GNR biosensor chips were incubated in
different solutions (serum or PBS pH 7.4) with increasing antigen concentrations. Before
checking detection ability of GNR biosensor in serum, a control experiment was
performed to determine the non-specific binding effect of serum solutions. In this control
experiment, the biosensor chip was first interacted with cell culture media (DMEM)
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having varying serum contents. Glass chips were immersed in cell culture medium having
increasing FBS concentrations. Except 100% FBS, no red-shift was observed on LSPR
spectra (Figure 4.16). A 2 nm red-shift for 100% FBS was attributed to the non-specific
binding events due to the high protein content of the serum. Serum is a complex medium
and when the biosensor chip was exposed to serum, nonspecific adsorption of various
proteins may occur. (X. Wang et al., 2010) To eliminate this signal distortion for
measurements, 40% FBS concentration was selected for spiking the serum solutions with

the target antigen for detection experiments to be performed with serum samples.
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Figure 4.16. Response of the biosensor chip in different complex media. Chip surface
after: SAM modification (purple); specific antibody conjugation (blue);
treatment with cell culture medium without serum (green); treatment with
cell culture medium with 10% (orange), 40% (dark orange), 100% (black)
FBS.

Antigen detection experiment was carried out both in PBS 7.4 and cell culture
medium containing %40 FBS. First, antigen concentrations were adjusted ranging
between 0.1 nM — 20 uM by spiking the relevant solution with antigen solution to yield
the desired final antigen concentration. Figure 4.17 illustrates the LSPR spectra and Amax

shifts versus varying antigen concentrations in PBS. At the lowest applied concentration
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which is 0.1 nM, there was not any detectable shift. As the antigen concentration
increased between 1 nM and 10 puM, Amax red-shifted in a detectable manner as a
consequence of antigen binding and change of the refractive index. Maximum Amax Shift
was determined approximately 12 nm at 10 uM. (Figure 4.18) The curve demonstrates a
sigmoidal fit which is consistent with the literature.(Truong et al., 2011),(Truong, Kim,
and Sim, 2012),(Kim et al., 2009),(Gobi, Kataoka, and Miura, 2005) This sigmoidal shape
indicates the upper and lower working limits of the biosensor within the plotted region.
Like most of label free biosensors, the surface tends to saturate at some point (Lavin et
al., 2018). The sigmoidal curve obtained from 5 independent measurements for every
concentration was indicative of the saturation point at 10 uM.
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Figure 4.17. LSPR spectra of specific antibody functionalized biosensor chips after

treatment with PBS solutions having varying antigen concentrations
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Figure 4.18. Antigen concentrations versus LSPR peak wavelength shifts determined
for specific antibody functionalized biosensor chips after treatment with
PBS solutions having varying antigen concentrations. The error bars
represent standard deviation for measurements of 5 independent biosensor
chips (n=5)

The biosensor chips were also tested with cell culture medium containing 40%
FBS and increasing antigen concentrations. In Figure 4.19, LSPR Amax shifts for varying
antigen concentrations are shown. Unlike the PBS measurements, there was not any
detectable shift for 1 nM and 5 nM antigen concentrations. Lack of bindings at these low
concentrations can be related with high complexity and protein content of serum. High
protein content could dominate the very low analyte concentration or create biofouling
on the nanorod surface (Unser et al., 2015). Moreover, serum proteins could affect sensing
distance of the biosensor.(Marinakos, Chen, and Chilkoti, 2007) Antigen recognition was
found to start from 10 nM and reached to saturation at 10 uM which was in accord with
PBS results. Similar to PBS results, wavelength shift versus concentration curve
displayed sigmoidal shape. (Figure 4.20) For both PBS and FBS measurements, shifts
were similar. Antigen detections in both FBS and PBS are statistically significant.
(p<0.05)
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Figure 4.19. LSPR spectra of specific antibody functionalized biosensor chips after

treatment with cell culture media having varying antigen concentrations
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Figure 4.20. Antigen concentrations versus LSPR peak wavelength shifts determined for
specific antibody functionalized biosensor chips after treatment with cell
culture media having varying antigen concentrations. The error bars
represent standard deviation for measurements of 5 independent biosensor
chips (n=5)
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CHAPTER 5

CONCLUSION

The aim of this thesis is to develop a label-free, sensitive and specific LSPR based
biosensor against a potential cancer biomarker by using optical properties of gold
nanorods. The biosensor was fabricated by immobilizing GNRs onto glass slides and
functionalizing the surface with the appropriate molecules. In this study, the analyte is a
sialic acid which is a potential cancer biomarker. Specific monoclonal antibodies against
this analyte was conjugated onto the surface and detection was carried out in PBS and
cell culture medium containing serum. Molecular bindings were monitored with the shift
of maximum peak wavelength on the LSPR spectra.

GNRs have exceptional optical properties which make them ideal materials for
utilization in biosensors. They have high sensitivity to refractive index change of the
surrounding. Herein, this high refractive index sensitivity of GNRs was used as an
essential feature for the detection. Firstly, CTAB stabilized GNRs were synthesized at
around 40-50 nm and with the aspect ratio of ~2.7. In LSPR spectra, transverse plasmon
peak was at around 520 nm and longitudinal plasmon peak was around 675 nm. The
GNRs were PEGylated with mPEG-SH molecules to replace CTAB on the GNR surface
and to maintain the stability of the GNRs. This ligand exchange was observed on LSPR
spectra as 3 nm shift on the maximum peak wavelength. For immobilization of the
PEGylated GNRs on the glass surface, glass surfaces were modified with silane
molecules. After activation of —OH groups on the surfaces, they were modified with
different silane molecules and characterized with contact angle measurements. The
refractive index sensitivity of silanized GNR coated surfaces was found to be as 281
nm/RIU. After GNRs were immobilized onto glass surfaces, they were modified with
self-assembling molecules with functional end groups. These molecules enabled antibody
conjugation via EDC/NHS chemistry and also played role in preventing nonspecific
bindings. Binding of self-assembling molecules on the surface was confirmed with a 23
nm red-shift of the maximum peak wavelength on the LSPR spectra. In zeta potential
analysis, it was shown that self-assembling molecules attachment reduced the surface

charge because of the negative charges on carboxylic acid moieties. FTIR analysis also
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confirmed the successful binding of self assembling molecules onto the surface.
Furthermore, Functionalized surfaces did not show any binding of antibody without
EDC/NHS whereas the surface without self assembling molecules showed an obvious
red-shift in the LSPR spectrum indicating non-specific binding.

Analyte specific antibody was conjugated onto the surface via EDC/NHS
chemistry. Maximum peak wavelength on LSPR spectra red-shifted 6 nm after antibody
conjugation which indicated the successful conjugation of antibody. Results of zeta
potential measurements also confirmed that the antibody was conjugated onto the surface.
Control experiments were carried out by exposing the biosensor chips to molecules other
than the target analyte. It was shown that the developed biosensor only responded to the
target analyte which proved the specificity of the biosensor.

After the GNR biosensor surfaces were developed, antigen detection experiments
were performed in PBS 7.4 and cell culture medium containing 40% FBS. The solutions
were spiked with varying concentration of antigens and then exposed to biosensor chips.
. Limit of detection in PBS was found to be 1 nM. Sigmoidal shape of the wavelength
shift vs. antigen concentration curve indicated that the biosensor chips were saturated at
10 uM antigen concentration which is consistent with the relevant literature. Limit of
detection in serum containing culture medium was 10 nM which was higher when
comparing with the PBS results. This result was attributed to higher protein content of
serum containing medium. Proteins in serum can create biofouling on the surface and
affect the sensing distance. The saturation point was at 10 uM antigen concentration,
which was the same with the saturation point in PBS.

The work in this thesis can be extended for some further investigations. For
instance, sensitivity of the biosensor can be increased by adjusting antibody orientation.
The system can be integrated onto a microfluidic system to minimize the sample volume

and to provide a more controllable detection.
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