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NANOSTRUCTURES FOR PLASMONIC BIOSENSORS 

ABSTRACT   

        

This thesis aims to show that nanoparticles in the form of triangle 
nanostructures/nanosandwiches prepared using natural lithography or in the form of 
nanorods/nanobubbles prepared by wet chemistry have important optical properties 
and that the enhanced sensitivity of their surrounding environment can be used as a 
new class of optical sensors using Localized Surface Plasmon Resonance (LSPR) 
spectroscopy and Surface Enhanced Raman Scattering (SERS). The content of the 
thesis can be divided into two main parts: (1) the preparation, characterization and 
optimization of nanostructures/nanosandwiches for the basic understanding of their 
optical properties and the development and testing of nanosandwiches as model 
biosensors; (2) synthesis of gold nanorods and changing the growth process using 
various gases to produce nanoparticles and nanobubbles. These nanostructures have 
been also investigated with LSPR/SERS for optical properties and also using 
microscopies techniques for visualization. 

 

   In the first part of the thesis, Nanosphere Lithography (NSL) technique was 
used to produce patterned arrays of sandwich-like nanostructures. The 
nanosandwiches were made of triple layers of metal / metal oxide (insulator) / metal 
(MIM). These new nanosandwich arrays were then functionalized with different 
model biomolecule species (e.g. streptavidin, single strand adenine oligonucleotide) 
and temperature-responsive polymer actuators. To the best of our knowledge, these 
kinds of temperature-responsive nanosandwich arrays functionalized with multiple 
biorecognition species have not been developed before by any other group. To 
investigate different transduction mechanisms, the LSPR and SERS of the 
functionalised nanoarrays were determined as a function of multiple biomolecular 
binding events using an Ultraviolet Visible Near-Infrared (UV-VIS-NIR) 
spectrophotometry, Atomic Force Microscopy (AFM), and Scanning Electron 
Microscopy (SEM).  
 

The second part of the thesis was to develop new synthetic methods for 
preparation of plasmonically active nanoparticles (NPs) such as nanorods (NRs) and 
nanobubbles, and to characterize the resulting products. The gold nanorods were 
bound to nanodots. This system may contribute to future plasmonic devices. 
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PLASMONİK BİYOSENSÖRLER İÇİN NANOYAPILAR 

ÖZET 

 
Bu tez, doğal litografi kullanılarak hazırlanmış üçgen 

nanoyapılar/nanosandviçler veya ıslak kimyayla hazırlanmış 

nanoçubuklar/nanobaloncuklar şeklindeki nanopartiküllerin önemli optik özellikleri 

olduğunu  ve bunları çevreleyen ortamın geliştirilmiş hassasiyetinin Lokalize Yüzey 

Plasmon Rezonans (LSPR) ve Yüzey Geliştirilmiş Raman Saçılımı (SERS) teknikleri 

aracılığıyla optik sensörlerin bir yeni sınıfı olarak kullanabileceğini göstermeyi 

amaçlar.  
 

Tezin içeriği 2 ana kısıma bölünmüştür: (1) nanoyapılar/nanosandviçlerin, 

optik özelliklerini anlamak ve model biyosensörler olarak geliştirmek ve test etmek 

için, hazırlanması, karakterizasyonu ve optimizasyonu; (2) altın nanoçubukların 

sentezi ve nanopartikül ve nanobaloncuk üretimi için çeşitli gazlar kullanarak 
büyütme işleminin değiştirilmesi. Ayrıca bu nanoyapılar, optik özellikleri için 

LSPR/SERS ile ve görüntüleme için mikroskop teknikleriyle incelenmiştir. 
 

            Tezin ilk kısmında, Nanoküre Litografi (NSL) tekniği sandviç gibi 

nanoyapıların desenli dizilerini üretmek için kullanılmıştır. Nanosandviçler 

üçtabakalı metal/metal oksit (yalıtkan)/metalden yapılmıştır. Bu yeni nanosandviç 

dizileri sıcaklığa duyarlı polimer uyarıcılar ve farklı model biyomolekül türleriyle 

(örn: streptavidin, tek-şerit adenin oligonükleotidi) fonksiyonelleştirilmiştir. Bilindiği 

kadarıyla, çoklu biyotanıma özelliğine sahip sıcaklığa duyarlı nanosandviç dizileri 

herhangi bir başka grup tarafından daha önce geliştirilmemiştir. Farklı transdüksiyon 

mekanizmalarını araştırmak için, fonksiyonelleştirilmiş nanodizilerin Lokalize 

Yüzey Plasmon Rezonans ve Yüzey Geliştirilmiş Raman Saçılımı, Ultraviyole-
Görünür -Yakın Kızılötesi Spektrofotometresi (UV-Vis-NIR), Atomik Kuvvet 
Mikroskobu (AFM) ve Taramalı Elektron Mikroskobu (SEM) kullanarak çoklu 

biyomoleküler bağlanma olaylarının fonksiyonu olarak belirlenmiştir. 
 

Tezin ikinci kısmı nanoçubuklar ve nanobaloncuklar gibi plasmonik olarak 

aktif nanopartikülleri hazırlamak için yeni sentetik metotları geliştirmek ve sonuçta 

oluşan ürünleri karakterize etmektir. Altın nanoçubuklar nanonoktalara bağlanmıştır. 

Bu sistem gelecek plasmonik cihazlara katkı sağlayabilir. 
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1 INTRODUCTION 

 

This thesis focuses on preparation of nanosandwiches arrays functionalized 

with different model biomolecules and temperature-responsive polymers for 

potential biosensor applications via Localized Surface Plasmon Resonance (LSPR) 

Spectroscopy and Surface Enhanced Raman Scattering (SERS). It also develops 

synthetic methods for preparation of nanorods (NRs) and their conversion to 

nanoparticles (NPs) and nanobubbles. Accordingly, the first chapter gives 

introductory information on biosensors, LSPR, SERS, nanolithographic techniques 

and NRs. Chapter 2 describes the experimental methods used in the thesis. Chapter 3 

gives the results of the experiments performed throughout the thesis and their 

discussions.      

 

1.1 What is a Biosensor? 

 

Biosensors are devices that permit rapid analysis of matters. They are mostly 

applying for detection and monitoring of biological, chemical and toxic agents. 

Number of feature in nanomaterials make them suitable for sensor applications, these 

include, high surface area, high reactivity, easy dispersability and rapid fabrication. 

Biosensors technology are the growing fast, which combines biological, chemical, 

and physical sciences together with engineering for broad range of applications.2 The 

biosensor term have a various meaning with respect to the research field. However, 

biosensor describes as a combination of views.3 The biosensor term first introduced 

in the late 1970s.4 But the first “biosensor” was discovered by Clark in 19565 who is 

well known inventor of Clark electrode. Then these issues were investigated and 

improved by Clark and Lyons in 19626 as enzyme electrode. Then the work was 

expanded to developed functional enzyme electrodes for glucose by Updike and 
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Hicks.7 Guilbault and Montalvo8 were detailed a urea sensor based on a 

potentiometric enzyme electrode.  

 

Clark's ideas commercialized in 1975 on glucose analyser based on the 

amperometric detection of hydrogen peroxide and supported by Yellow Springs 

Instrument Company (Ohio). This was the first of biosensor-based analyser device to 

be built by companies around the world. The biosensors which have thermal 

transducers was introduced in 1974, together with the thermal enzyme probes9 and 

enzyme thermistors10. According to Divis study, microbial electrodes was used for 

the measurement of alcohol with help of bacteria. A fibre-optic sensor, which term is 

optode have excellent performance for in vivo measurement to develope optical 

biosensor.  The carbon dioxide or oxygen based sensors were invented by Lubbers 

and Opitz11 in 1975. Shichiri et al.12 was introduced the in vivo application of 

glucose biosensors in 1982. The piezoelectric or potentiometric transducer had been 

investigated since the early 70's. Liedberg et al.13 described the use of surface 

plasmon resonance to monitor affinity reactions in real time. The BIAcore is one of 

strong compant based on surface plasmon resonance technology which launched in 

1990.  

 

The research in biosensors have progressed for many years and huge number 

of publication reported in literature. Histogram in Figure 1.1 illustrate the research on 

biosensors field and clearly shows the popularity of field in last 10 years.  
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1.1.1 The principle of Biorecognition system 

 

A biosensor is composed of two parts, a bioreceptor and a transducer. The 

bioreceptor means a biomolecule that recognizes the target. The transducer converts 

the biorecognition event into a signal by measuring the changes in the reaction. A 

biosensor occurred that two components are combined in one single sensor. This 

combination measures the analyte without any reagents and specialized laboratory 

skills.14 

 

The biosensor working principle is based on selective biorecognition and can 

be defined as conversion of chemical information to electrical information. This 

system involves the following procedure (Figure 1.2). Analyte diffuses from bulk 

solution to the bioreceptor immobilized sensor and react selectively and efficiently 

with the bioreceptor. This reaction leads to a change in optical, electronic properties 

or etc. depending on the transducer model. The change in biosensor surface is 

converted into electrical signal, which is amplified, processed and displayed by 

transducer. 

 

Figure 1.1 Demonstrate publications versus number of the paper in 
biosensor field.1 
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Figure 1.2 Schematic representation of biosensor. 

 
In general term, components of biosensor can be described as; Bioreceptor: 

Enzymes, antibodies, cell receptor, nucleic acid, tissue etc. can be used as a 

bioreceptor and selectively recognizes the analyte which is target molecule for 

receptor. Transducer: Interaction between analyte and bioreceptor produces a 

physical change close to the transducer surface. Various transducers such as an 

electrochemical, calorimetric, optical, piezoelectric are available in literature.14a 

 

1.1.2 Types of Biosensors 

 

Biosensors is classified according to working principle of transducer and 

demonstrate as follow: 15
 

 

1.1.2.1 Electrochemical Biosensors 

 

Electrochemical biosensors are the most used to a large extent. The first idea 

about biosensor introduced by Clark and Lyons based on enzyme electrode. Yellow 

Springs Instrument Company produced Clark ’ s work as the first glucose biosensor 
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in 1975.16 Then, owing to high sensitivity, selectivity, ability, many kind of 

electrochemical biosensors have been improved. 

 

1.1.2.2 Calorimetric Biosensors 

 

Calorimetric biosensors probe the amount of change in heat during a 

biochemical reaction.17 In general, thermistor is used to find out the modification of 

temperature in the solution. The recorded peak height is proportional to the enthalpy 

change with respect to a substrate concentration.  

 

1.1.2.3 Optical Biosensors 

 

This detection method is based on the changes in absorbance, fluorescence, 

luminescence, reflectance, light scattering, or refractive index. In addition to these 

detections method, the two most use protocols are fluorescence - based detection and 

label - free detection.18 Optical biosensors have been used in healthcare, biomedical 

research, environmental monitoring, homeland security, and the military 19.  

 

1.1.2.4 Piezoelectric Biosensors 

 

A piezoelectric biosensor is an analytical device, which uses the piezoelectric 

effect to probe pressure, acceleration, strain or force by converting them to an 

electrical charge. The working principle is based on to measurement of the mass 

changes on a piezoelectric crystal. Piezoelectricity is described as an materials that 

generate mechanical movement in response to electric potential.20 

 

1.1.3 Biosensor Characteristics 

 

  Biosensors are qualified with following parameters: 14a
 

1. Sensitivity is response of the sensor to analyte concentration’s per unit change 

2. Selectivity is the ability of the sensor to respond only to the target analyte.  
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3. Range is the concentration range over which is working interval of sensor. 

Sometimes it is called as dynamic range or linearity.  

4. Response time is the time requirement to indicate most of the sensor final 

response in analyte concentration.  

5. Reproducibility is the accuracy of the sensor’s obtained result. 

6. Detection limit is the lowest concentration of the analyte for a measurable 

response (approximately in this study is 10-5 M). 

7.  Life time is the time period of the sensor, which is used without significant 

deterioration in performance characteristics. 

8. Stability defines the change in its baseline or sensitivity over a fixed period of 

time  

 

In addition to these parameters, a biosensor should be cheap, small and portable. 

Furthermore, biosensors should be biocompatible, nontoxic, nonantigenic and stable 

under ambient conditions.15  

 

The major key points in improvement of biosensor design involve a proper 

bioreceptor or a recognition molecule, suitable immobilization method, transducer to 

convert binding reaction into measurable signal, measurement range, linearity, 

enhancement and sensitivity are crucial factors to design a biosensor. And finally 

packaging of the biosensor into a complete device. From all the selections mentioned 

above, one needs information about biochemistry, biology, chemistry and physics, 

and finally needs knowledge of kinetics and mass transfer. 14a  

 

1.1.4 Applications of Biosensor 

 

Biosensors have various applications ranging from detection of industrial 

toxins and food contamination, medical diagnostics, military etc. For instance, in 

agriculture and food industry, viral,21 fungal22 and bacterial diseases23 detection. The 

amount of sugar monitored in soft drink detected by Barrodo et al.24 . Mascini et al. 

designed a biosensor to determine the freshness of meat.25 There are many studies in 

literature about environment monitoring.26 The pollution level in the environment 

including air,27 land28 and water29 monitored. By the way, the quality of water 
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through tests for pollutants,30 chemical residues,31 pesticides,32 herbicides,33 toxins34 

and microbes35 examined in water reservoirs.  

 

In fermentation industry, biosensor used for monitoring the cultured micro-

organisms products such as drugs, hormones, vaccines, single cell proteins etc.21, 36 

Recently, the biosensors have been popular in military and defense industry.37  

Detection of toxic gases38 and chemical warfare, such as mustard39 and nerve gas40 

analyzed with portable biosensor.  

 

1.1.5 Literature Review 

 

Recently, great numbers of research have been reported on optical biosensor 

for detection of biological molecules. Fan et al.18a illustrated label-free optical 

detection together with a number of detection methods such as RI, optical absorption, 

and Raman spectroscopic detection. Shin et al. demonstrated a novel concept in 

which enzyme-catalyzed precipitation was introduced on gold nanodots after 

immuno-reaction of antigen and its antibody to enhanced sensitive detection based 

on optical sensor or LSPR.41  Lee group illustrated notable nanostructures for 

plasmonic sensing and explained relative physical models for nano-scale biosensor.42  

Van Duyne et al. showed the gold nanoparticles conjugated antibodies to provide 

LSPR enhancement.43 
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1.2 Introduction to Localized Surface Plasmon Resonance (LSPR) 

 

Nano-materials are an important and interesting field of research due to 

various properties such as optical, magnetic, catalytic, and mechanical, which is not 

found in them bulk form. These materials allow to the development of novel devices 

with exciting application that previously unavailable. Development of optical sensors 

as nanotechnology tool in the last two decades have been found with the great extend 

applications in biotechnology,44 health care,45 drug monitoring,46 food allergens 

detection, environmental monitoring, bio/chemical war agents and security.47 In this 

study, we will investigate two types of optical sensors namely Localized Surface 

Plasmon Resonance (LSPR) and Surface-Enhanced Raman Spectroscopy (SERS) for 

various nanostructure materials measurement.48
  

 

 The scatter light from nanoparticles is an important research area today for a 

variety of applications. In health sciences nanoparticles are used for drug monitoring 

and delivery. They are also used in solar cells in energy sector. The sum of 

absorption and scattering of light in nanoparticles causes the loss in intensity of light 

which namely is extinction. The electric field of incident light with metallic 

nanoparticles creates oscillation from collective electron cloud. This oscillation is 

called dipole plasmon resonance of the nanoparticles.49 Generally plasmons can be 

defined as collective oscillation of free electron density in regard to the positive ions 

at metal surface which play an important role in the optical properties of metallic 

nanoparticles. The formation of standing wave from oscillation on a nanoparticles is 

generally referred to a localized surface plasmon (LSP) while the oscillation in the 

form of propagating along an interface is called surface plasmon-polariton (SPP) see 

Figure 1.3 50
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Optical sensors such as Surface Plasmon Resonance (SPR), LSPR and SERS 

have become popular bioassay techniques as they are convenient and label-free 

detection systems compared to conventional systems, which need to label with 

fluorescent dyes. Recently, LSPR spectroscopy progresses have made it excellent 

and sensitive tool, for detecting biological molecule interactions.51  

 

1.2.1 Biosensor based on Localized Surface Plasmon Resonance  

 

LSPR-based nanobiosensors are deliberated one of the most powerful 

techniques in the nano-biotechnology and biosensor areas. LSPR obtain the specific 

characteristics metalized nanostructured materials, such as highly esteemed metal 

nanoparticles, which can be excited by electromagnetic radiation with incident 

photons with the collective oscillations of conduction electrons at a specific 

wavelength. LSPR based biosensors has become popular for sensing due the 

advantages the technique provides such as high sensitivity of refractive index 

changes, label free detection, real-time measurements, reproducibility using 

nanostructures substrates, and low cost techniques. These advantages demonstrate 
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Figure 1.3 Illustration of the plasmon oscillation in gold nanoparticles. 



10 
 

that nanobiosensors can be applied in a wide range of fields, such as medical, food 

safety, environmental monitoring, and drug screening.52  

 

1.2.2 Theory behind Localized Surface Plasmon Resonance  

 

The excitation of LSP by light results in localized electromagnetic field 

enhancement at resonance frequency. For a centuries wonderful color change in 

stained glass window that occur from strong absorption and scattering of light from 

noble metallic nanoparticles has attracted the interest of researchers around the 

world. This aimed the scientist deeply understand the relationship between the 

metallic particles with light, which can demonstrate the color changes in suspension 

is depend to the properties of materials such as composition, size, shape, and local 

dielectric environment. The optical characteristic of these noble nanoparticles can be 

applied as materials for SERS,53 optical filters,54 plasmonic devices,55 and nano-

biosensors.56  

 

Metallic nanoparticles such as gold and silver exhibit a strong optical 

extinction at visible and near-infrared (NIR) wavelengths and generate LSPR 

phenomenon which is sensitive to the surrounding medium.57 The intense and strong 

signals in all surface-enhanced spectroscopies are due to LSPR excitation with 

selective absorption wavelength. Which contains large molar extinction coefficients 

around 3 x 1011 M-1 cm-1,58 (resonant Rayleigh scattering) resonant scattering59 with 

high efficiency60 and the enhanced local electromagnetic fields close the surface of 

metallic particles. The Mie theory approximation of the extinction of a metallic 

nanoparticles in the long wavelength is the convenient approach for modeling optical 

properties of the nanoparticles (Equation 1.1).61   

 

                                                  (1.1)     

 

E(λ) is the sum of the absorption and scattering, NA and a is the areal density and 

radius of metallic nanoparticles, respectively, εm is the dielectric constant of the 

medium surrounding the metallic nanosphere, λ is the wavelength of the absorbing 
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radiation, εi and εr is the imaginary and real part of the nanoparticle's dielectric 

function, respectively, and χ is the aspect ratio of the nanoparticle.
61  

 

It is clearly known that the LSPR spectrum of a separate metallic nanoparticle 

surrounded in an external dielectric medium will depend on the radius a, material (εi 

and εr), and the environment's dielectric constant (εm) of the metallic nanoparticles. 

In addition, when the nanoparticles are not spherical, the extinction spectrum will 

depend on the nanoparticle’s in-plane diameter, out-of-plane height, and shape (χ). 

The values for χ increase from 2-17 with respect to aspect ratio of metallic 

nanoparticles. The samples were prepared in this study contain nanoparticles that are 

supported on a silicon substrate, therefore the LSPR results were depended on 

interparticle spacing and substrate dielectric constant.56e 

 

In Equation 1.2 the location of the extinction maximum, λmax, of gold and 

silver nanoparticles is highly dependent on the dielectric properties of the 

surrounding environment and that wavelength shifts in the extinction maximum of 

nanoparticles can be depend on the molecular conformation around them.51 To obtain 

optical signals based on LSPR extinction shifts, there are different sensing 

mechanisms for metallic nanoparticles that provide the transduction of 

macromolecular. These mechanisms are: (1) resonant Rayleigh scattering from 

nanoparticle labels in a manner analogous to fluorescent dye labels,62 (2) nanoparticle 

aggregation,63 (3) surface charge of nanoparticle,64 and (4) local refractive index 

changes.65  

 

                                                    (1.2)     

 

Here m is the bulk refractive-index response of the nanoparticle(s); Δn is the change 

in refractive index induced by the adsorbate; d is the effective adsorbate layer 

thickness; L is the characteristic decay length of the local electromagnetic field 

surrounding the plasmonic nanostructures. This relationship is the basis of LSPR 

wavelength-shift sensing experiments. The effect of LSPR can thus be employed to 

monitor surface binding events.51, 66 
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The first LSPR as biosensing was reported by Englebienne et al., in 1998.67 

Englebienne investigated the changes in local refractive index by biomolecules 

adsorption near the nanoparticle surface using LSPR measurement. An ideal 

biosensor is the one that has sensitivity the target analyte. New methods are 

developed to increase the sensitivity of the biosensors which also increase the λmax 

shift from the same amount of analyte. The λmax shifts of LSPR are dependent on the 

metallic nanoparticle size and the sensitivity of the biomolecules conjugated 

particles. Mathematically λmax shifts of LSPR can be described in Equation 1.3 which 

showing the relationship between sensitivity, size morphology and composition of 

metallic nanoparticles.  

  

                                                                         (1.3)     

 

Where n is the refractive index. The shift is also proportional to the adsorbate 

molecule mass. 56a, 68 Recently, various methods developed to probe or detect large 

shift from metallic nanoparticles and its conjugation with biomolecules.69 Another 

way to increase the λmax shift is to use plasmonic labels using gold nanoparticles.70 

 

1.2.3 Similarities between SPR and LSPR Sensors  

 

SPR sensors, which are formed of copper, gold, or silver planar films, have 

been used to examine of analyte-surface binding interactions at or near a metal 

surface.56e The LSPR-based nanosensor is corresponding to that of flat surface, 

propagating SPR sensors. For approximately two decades, SPR sensors, with planar 

films such as copper, gold, or silver, have been used as refractive index based sensors 

to probe the kinetics and equilibrium binding constants for many biomolecule 

interactions including protein:protein, protein:DNA, and protein:vesicle interactions 

in real time with high sensitivity.71  

 

Sensors based on SPR spectroscopy have many advantages such as: (1) 

adsorption processes can be monitored in real time with high sensitivity of 10-1 
– 103 

s time scale for measurement of binding kinetics,72 (2) the method is surface 

sensitive and probe changes in refractive index within a hundreds nanometer of the 
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sensor surface, (3) Multiple detection modes such as angle shift, wavelength shift 

and imaging, (4) lateral spatial resolution on the order of 10 µm for using the SPR 

imaging mode of detection,73 (5) label free detection system, and (6) commercially 

available. Both SPR and LSPR are sensitive to refractive index changes.56e 

 

The two main differences between the SPR and LSPR sensors are the 

refractive index sensitivities and the characteristic electromagnetic field decay 

lengths. The refractive index sensitivity of SPR sensors is large (~2x106 nm/RIU)74 

in comparison to LSPR nanosensor (~2x102nm/RIU)64a This means the LSPR 

nanosensor would be 10,000 times less sensitive than the SPR sensor. But the 

characteristic electromagnetic field decay length, ld, enhanced the LSPR nanosensor 

sensitivity.56a These results of LSPR nanosensors show that the decay length, ld, is 

~5-15 nm or ~1-3% of the light’s wavelength depends on the nanostructures 

morphology and size. On the other hand, this value is 200-300 nm decay length or 

~15-25% of the light’s wavelength for the SPR sensor.
74 The aforementioned 

parameters are present the differences between two system of SPR and LSPR. 

 

Experimentally, SPR sensing requires at least an area of 10 µm x 10 µm spot 

size. This spot size for LSPR sensing, can be minimized to a large number of 

individual sensing elements, as an example 1x1010 nanoparticles for a 2 mm spot size 

with sphere size of 400 nm down to a single nanoparticle with an in-plane width of 

~20 nm using single nanoparticle techniques.62c  The nanoparticle has capability of 

deliver the similar information as the SPR, because of that the pixel size can be 

minimized to the sub 100 nm. The other differences between two systems are 

temperature control. In LSPR, because of the lower refractive index sensitivity, the 

system no temperature control needed whereas the SPR sensor (with large refractive 

index sensitivity) requires temperature control. The major difference between the two 

systems of LSPR and SPR sensors is the cost. Considerably in planar SPR sensors, 

Equation 1.2 quantitatively shows an adsorbent’s affect on the sensor. But the use of 

Equation 1.2 in LSPR measurements, show the response for adsorbate layers.56a   
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1.2.4 Literature Review 

 

Many researchers begun to investigate alternative strategies for the design 

and development of optical biosensors and chemosensors based on the optical 

properties of metal nanoparticles.63a, 64a, 65a   

 

Label-free sensing technologies based on LSPR have used various types and 

shapes of metallic nano-structures for biosensor applications.62c, 75 However, the 

sensitivity of detection by LSPR is lower for larger molecules then smaller 

molecules. This is due to penetration depth of LSP field from nanostructures to 

surrounding environment which is around 20-30 nm.76 Numbers of papers have been 

published on the application of the LSPR technique in biotechnology. These 

publications are on the detection of streptavidin,70a anti-biotin,77 concanavalin,78 

Alzheimer disease bio-markers,79 and other bio-recognition events.80 Other 

applications of LSPR are on chemical detection of molecules in liquid phase such as 

organophosphorous pesticides,81 hydrogen peroxide82 and ammonia83. The LSPR is 

capable to probe gases molecules including octane, pentanol, by using noble 

nanoparticles.84  

 

Beside biological application of LSPR many researchers have investigated on 

performance of LSPR on the substrate dielectric. Van Duyne et al. have investigated 

and demonstrate that the metallic nanoparticles show structural changes when 

exposed to different solvents which effect the LSPR extinction peak.85 The 

comparison effect of metallic substrate, semiconductors and dielectric on 

nanoparticle optical properties with particle positioned at various heights relative to 

the substrate surface have illustrated by Pinchuk and co-workers.86 These both 

investigations of Van Duyne and Kreibig demonstrated that plasmon resonances are 

red-shifted due to interactions with the substrate and amount of the red-shift that 

determined by the dielectric constant of the substrate and also by the inter particles 

distance. In another study Hanarp et al. reported that the extinction peak in LSPR as 

function of refractive index is more shifted when the disk like particles was larger or 

the aspect ratio increased.87 
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Van Duyne and co-workers were one of the first groups to investigate 

biological sensors based on metal nanoparticles using LSPR and SERS. Van Duyne 

and Amanda J. Haes studied that the triangular silver nanoparticles fabricated by 

natural lithography88 with highly sensitivity are the best candidate for selective 

nanoscale affinity biosensors.  It will be illustrated that these biosensors based on 

localized surface plasmon function in a way totally similar to their SPR counterparts 

by converting small changes in refractive index near the noble metal surface into a 

measurable wavelength shift response. The biotin-streptavidin system with its 

acutely high binding affinity is an excellent example for biosensors based on 

LSPR.70a 

 

 
 

Figure 1.4 LSPR spectra of each step in the surface modification of NSLderived Ag 
nanoparticles to form a biotinylated Ag nanobiosensor and the specific binding of 
SA. (A) Ag nanoparticles before chemical modification, λmax = 561.4 nm. (B) Ag 

nanoparticles after modification with 1 mM 1:3 11-MUA/1-OT, λmax = 598.6 

nm.(C) Ag nanoparticles after modification with 1 mM biotin,  λmax = 609.6 nm. 

(D) Ag nanoparticles after modification with 100 nM SA, λmax = 636.6 nm. All 

extinction measurements were collected in a N2 environment.70a 

 

Van Duyne group also showed that the silver nanoparticles that are coated by 

Al2O3 using atomic layer deposition can probe the long and short-range LSPR 

distances of silver nanoparticles.68b Another study of Van Duyne group also 

investigated the influence of a dielectric substrate on the LSPR extinction of silver 
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nanoparticles, particularly a nanocube.89 Van duyne group also illustrated the 

plasmonic properties of nanowell structures with thin Ag overlayer. The effect of 

internanowell distance, mass thickness, nanowell depth and the dielectric 

environment have been investigated by LSPR measurement in more detail.90  

 

Zhou and colleagues demonstrated the array of nanoholes fabricated on glass 

substrate using natural lithography. The LSPR sensitivity of nanoholes to local 

refractive index is measured and probed the bovine serum albumin (BSA) binding 

and biotin-streptavidin to gold nanoholes.91 

 

Not only noble-metallic nanoparticles but also compositions of noble-metal–

dielectric nanostructures play an importance role for the development of functional 

materials, such as optoelectronic devices or biomedical sensors. Their singularity 

properties and functionality rely on LSPR. Dmitriev et al. illustrated the design and 

properties of metal – oxide nanosandwiches on solid support. These nanosandwiches 

composed of three layers- two noble metal (gold) that are seperated by oxide (SiO2) 

or dielectric spacer. The optical properties of these nanostructures detected by LSPR 

and elucidated by electrodynamics simulations based on the dispersive finite-

difference time-domain method (D-FDTD).92 
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Figure 1.5 (A) The disk-shaped nanosandwich is composed of stacked Au, SiO2 and 
Au layers, each typically 10 nm thick. The electromagnetic coupling between the 

fundamental plasmon modes of the upper and lower Au disks can be fine-tuned by 
either changing the aspect ratio of one of the nanodisks (left) or by varying the 

thickness of the dielectric spacer layer (right). (B) SEM image of a sandwich array. 
The diameter of the lower disk is 110 nm and the inset shows a side view of the 

structure. (C) extinction spectrum from the nanosandwich (D) Mechanical splitting 
of the coupled plasmonic system, monitored by extinction spectroscopy and AFM 

profiling.92 

 

In the report by Hatsuzawa et al., LSPR-based optical enzyme biosensor 

fabricated using stimuli-responsive hydrogel conjugate silver nanoparticles.93 Lu and 

colleagues demonstrate that for enhancement of the volatile organic compounds 

(VOCs) to increase selectivity and sensitivity of LSPR sensors with surface 

modification using self-assemble techniques.84d They illustrate also the responses of 

the LSPR spectrum of unmodified, benzene thiol, 3-mercaptopropanoic acid (MPA) 

and 4-pyridine thiol conjugate silver nanoparticles and compared with those of not 

organic functional groups. The thiolated self-assembled monolayers (SAM), 

refractive index and affinity of functional group are examined. An article have been 

published by Ma et al. to demonstrate the silver triangle nanoprisms array function as 

vapor sensors using LSPR measurement.94 They investigated the differences between 

ethanol and four other vapors (acetone, benzene, propanol and hexane). Felidj group 

addressed the optical properties of hybrid based stimuli-responsive brushes grafted as 

plasmonic device that can detected using LSPR.95 
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1.3 Introduction to Surface Enhanced Raman Scattering (SERS) 

 

There is nowadays a general consensus that the huge intensification of the 

Raman signal observed in SERS is mainly originated by the giant electromagnetic 

enhancement induced by LSPR of nanometric noble metal particles or clusters.96 Due 

to its unique capabilities, SERS has been widely used to study the adsorption of 

many organic molecules on some metal colloids, mainly Ag, Cu, and Au. Its high 

sensitivity allows an accurate structural study of many molecules at very low bulk 

concentrations. This property has been used to obtain very detailed information of 

adsorbates such as the mechanism and geometry of the adsorption or which 

functional groups are in close contact with the metal.97 

  

SERS is mainly originated by the huge electromagnetic enhancement 

produced by LSPR of noble metallic nanoparticles. Surface-Enhanced Raman 

Scattering or spectroscopy is a surface-sensitive technique that extents Raman 

spectroscopy by decreasing its detection limit to molecular monolayer or even a 

single molecule on rough metal surfaces. In 1974, when researcher tried to do Raman 

on the electrode they accidentally discovered the surface enhanced Raman scattering. 

Due to its unique capabilities, SERS has been widely used to investigate the 

adsorption of many organic molecules on some metal nanoparticles, mainly Ag, Cu, 

and Au. SERS is an attractive tool for applications such as surface catalyzed 

reactions, biomolecule and cell characterization. The difficulties of development of 

plasmonic materials at large area which shows both a high enhancement factor and 

reproducibility of the signal lead to limitation broad uses of SERS.98 

 

1.3.1 Raman scattering: definition  

 

Raman scattering is a powerful light scattering technique used to identify the 

internal structure of molecules and crystals by interaction of laser light with a known 

frequency and polarization to electron cloud of the bond molecules in the sample.57a 

When the electron cannot travel from ground state to the lowest electronic excited 

state due to low energy of laser light, they move to intermediate state. The electron 

cannot stay long in the intermediate state and will immediately go back to the ground 
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state than the wavelength of the scattering light is the same as light source. This 

scattered light is called Rayleigh scattering. Raman effect exist, when a small 

fraction of the light which scattered at frequencies different from the frequency of the 

incident photons. Raman scattering can occur with the changes in vibrational, 

rotational or electronic energy of a molecule. This differences of photons energy is 

equal to the energy among vibration levels of the scattering molecules.57b 

 

Raman scattering happens when the polarizability changes and depends on 

how tightly the electrons bound to nuclei. This binding in symmetric stretch is 

different between the minimum and maximum internuclear distances. The changes in 

polarizability during vibration led the scatters Raman light. The electrons in the 

asymmetric stretch are more easily polarized in the bond that expands but they can 

less polarized in the compresses bond.63a
 The vibrational energy depends on 

molecular structure and environment. Some factors such as atomic mass, bond order, 

molecular substituents, molecular geometry and hydrogen bonding all affect the 

vibrational energy.  Therefore, vibrational Raman spectroscopy is not limited to 

intramolecular vibrations. Crystal lattice vibrations and other motions of extended 

solids are Raman-active.57b 

 

1.3.2 Stokes and anti-Stokes scattering 

 

Raman scattering can be divided in two types. When the emitted energy is 

less than the incident photon, the process is called Stokes scattering. The opposite is 

called the anti-Stokes scattering.51 This is illustrated in the Figure 1.6. 
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Figure 1.6 Different scattering mode of quantum.51 

 

The energy difference between the incident and scattered photons is 

represented by the arrows of different lengths. Mathematically, ν or Raman shift in 

wavenumbers (cm-1), is calculated according to the following Equation 1.4: 

  

                                                                         (1.4) 

 

in which λincident and λscattered are the wavelengths of the incident and Raman scattered 

photons, respectively.57b  

  

The Raman scattering suggests that the red-shifted (Stokes component) and 

blue-shifted re-radiation (anti-Stokes component) are equal. Experimentally, the 

Stokes component is often observed alone and only when the molecular vibrational 

frequency is small a weaker anti-Stokes component can be observed. This reveals 

that we have to be more careful with the theoretical description. When the molecule 

is in its vibrational ground state, it is incapable of parting the vibrational energy 

quanta to the anti-Stokes re-radiation. Consequently, the anti-Stokes component can 

only occur when the molecules are already in an elevated vibrational energy state.  
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Thus, the scattered intensity of the Stokes component is expected to be proportional 

to the ground-state population and the intensity of the anti-Stokes component to the 

population of the excited state.51, 63b 

 

1.3.3 Raman signal enhancement  

 

One of the disadvantages of Raman spectroscopy is its low sensitivity as a 

tool in surface sciences. SERS is a surface sensitive technique that enhances Raman 

scattering of molecules adsorbed on rough metal surfaces. The mechanism of the 

enhancement effect of SERS is still not clear. There are two hypotheses on SERS 

functionality. The electromagnetic hypothesis which is relies upon the excitation of 

localized surface plasmons. The second one is chemical rationalizes the effect 

through the formation of charge-transfer complexes. The second hypothesis can only 

be applied for molecules bond to the surface.51  

  

1.3.4 Electromagnetic theory 

 

When the intensity of Raman signal of adsorbate increases an electric field 

enhancement produced. The strikes incident light on the surface can excite localized 

surface plasmons. The field enhancement is greatest when the plasmon frequency is 

in resonance with the radiation. The scattering occur, when the plasmon oscillations 

are perpendicular to the surface and if they are in-plane with the surface, no 

scattering will occur. For this reason roughened surfaces such as nanoparticles 

arrangement or pattern are typically employed in SERS experiments. These surfaces 

can provide an area on which the localized collective oscillations can take place.99 

Both the incident laser light and the Raman signal are close to resonance with the 

plasmon frequency if the Raman signal slightly shifted from the incident light. If the 

frequency shift is large, both the incident laser light and the Raman signal are not on 

resonance with the plasmon frequency, so the enhancement for both stage are not 

high.100  

 

The surface metal is crucial for plasmon resonance frequency. Noble metals 

are choosen for SERS experiments because their plasmon resonance frequencies fall 
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within visible and near-infrared radiation (NIR) and to achieve maximum 

enhancement.51, 101
 

 

1.3.5 Chemical theory 

 

While the electromagnetic theory of enhancement can be applied regardless 

of the molecule being studied, it does not fully explain the magnitude of the 

enhancement observed in many systems. Many molecules with a single pair of 

electrons that bind to the surface, have many different mechanism of enhancement, 

which does not involve surface plasmons. This chemical mechanism involves charge 

transfer between the chemisorbed species and the metal surface.102 New electronic 

states which arise from chemisorption act as intermediate states in Raman scattering. 

Consequently, charge transfer excitations can happen at a lower energy state 

compared to the intramolecular excitations of the adsorbate. It is not uncommon that 

the highest occupied and lowest unoccupied molecular orbital of the adsorbate are 

symmetrically disposed in energy with respect to the Fermi level of the metal and 

lead to excitation energy reach to half.51 

 

1.3.6 SERS spectrum 

 

SERS provides the same information as traditional Raman spectroscopy with 

a greatly enhanced signal. The only differences in SERS spectra and traditional 

Raman is the number of modes.  The modes observed in any spectroscopic 

experiment are carried out by the symmetry of the molecules and are usually 

summarized by selection rules. When molecules are bond to a surface, the symmetry 

of the system can change and lose the centre of symmetry. This loss eliminates the 

requirements of the mutual exclusion rule, which dictates that modes can only be 

either Raman or infrared active. Modes appear in both the infrared spectrum and 

SERS spectrum.99 The orientation of adsorption to the surface can also be obtained 

from the SERS spectrum.51, 103 
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1.3.7 Enhancement factor (EF) 

 

In SERS spectrum, the increase in signal is due to an increase in the apparent 

cross-section of the molecules adsorbed on the surface. This leads to the concept of 

the SERS enhancement factor (EF). 

 

The most widely used definition for the average SERS EF is: 

 

                                                                              (1.5) 

 

NVol is the average number of molecules in the scattering volume (V) for the Raman 

(non-SERS) measurement, Nsurf is the number of molecules contributing to the SERS 

signal, ISERS and IRS are the intensities of the scattering band of interest in the SERS 

and normal Raman scattering spectra, respectively. 

 

A more rigorous formula was found: 

 

                                                                      (1.6) 

 

where IRS is the intensity of the Raman signal, ISERS is the intensity of the Raman 

signal under sers conditions, CRS [M] is the concentration of the solution used for the 

non sers measurement, Heff [m] is the effective height of the scattering volume, µM 

[m-2] is the surface density of the individual nanostructures producing the 

enhancement, µS [m-2] is the surface density of molecules on the metal and AM [m
2] 

represent the surface area of the metallic nanoparticles.104 
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1.3.8 Similarities between Raman, Fluorescence and Infrared (IR) 

Spectroscopy 

  

Raman and IR spectroscopies both detect the vibrational energies of 

molecules with different selection rules. IR spectroscopy needs changes in the dipole 

moment when the molecule vibrates, while Raman spectroscopy needs polarization 

changes.64c For this reason molecules can only be either Raman or infrared active. 

Fluorescence involves the relaxation of the vibration, but Raman is sensitive to 

vibrational modes change. The sensitivity of Raman is more than fluorescence 

spectroscopy and namely called the fingerprint of molecules. Figure 1.7 illustrates 

the quantum description of Raman, fluorescence and IR and their spectrum 

accordingly. The cross section of Raman is much smaller than fluorescence and led 

to big disadvantage of Raman and be problem of not using Raman for a long time. 

After the invention of Surface-Enhanced Raman Scattering, surface Surface-

Enhancement Rescued Spectroscopy.51, 57b 

 

 
 

Figure 1.7 The comparison of different scatterings.51
 

 

1.3.9 Literature Review 

 

As mentioned above the first scattering was observed by Sir C. V. Raman 

which led to his 1931 Nobel prize in physics.105 In 1974 for the first time, 
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Fleischmann et al. illustrate that the enhanced Raman intensities of pyridine on silver 

electrode is due to adsorbates on rough silver surface related to adsorbates amount on 

the increased area of the roughened surface.106 Van Duyne and Jeanmaire107 and 

Creighton and Albrecht108 reported that the Fleischmann work could not be due to 

increasing of adsorbate which guide to SERS. In 1985, Raman surface enhancement 

accepted that have a sources with both chemical and electromagnetic mechanism.109 

 

Many scientific reviews summarize SERS studies on biological molecules in 

the 1980s and early 1990s.110 As an example, Van Duyne group presented the first 

step toward a glucose biosensor using SERS.111 The stability and reproducibility of 

most SERS signals are not perfect. Van Duyne et al. have focused also on this 

problem by developing and characterizing a metal film over nanosphere electrode 

which solve these imperfections. The work illustrated that the metal film substrate, 

offers novel stability and reproducibility for electrochemical SERS experiments.112  

 

El-Sayed and his co-workers demonstrate the first example of colloidal GNRs 

as SERS substrate in aqueous solution and on solid substrate.113 In another work by 

Van Duyne and Christy L. Haynes, SERS properties of silver triangle prepared by 

natural lithography systematically investigated for the first time in the literature.53d In 

addition, it illustrated the need of correlating nanoparticle structure and LSPR 

spectroscopic datas in order to effectively implement SERS on patterned surfaces 

that have narrow (̴ 100 nm) LSPR line widths. Plasmon-Sampled Surface-Enhanced 

Raman Excitation Spectroscopy (PSSERES) used to explain the relationship between 

the LSPR extinction maximum (λmax) and the SERS enhancement factor (EF). The 

functionality of the excitation wavelength, molecular adsorbate, vibrational band, 

and molecule-localized resonance or nonresonance excitation of PS-SERES was 

performed. 
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Figure 1.8 (a) SERS of surfactant-capped gold NRs (25±2 in length and 12±2 in 

width) in solution (solid line) is compared with surfactants (dashed line) and 
surfactant capped gold nanospheres (12 nm in size) (dotted line).In SERS of NRs the 

strongest peak is related to the Au–Br vibration, which is closer to the gold 
surface.(b) Visible spectra of the NRs, surfactant solution, and gold NSs.It can be 
seen that NRs show strong enhancement despite the fact that the excitation laser is 

1064 nm.113
 

 

Xu and colleagues have showed mathematically the electromagnetic 

enhancements of 1010 are present between two nanoparticles with inter-distance of 1 

nm.114 From this calculation authors demonstrated that aggregates nanoparticles are 

better substrates for SERS applications instead of individual nanoparticles due to 

large enhancements can be produced at particle junctions of aggregates.115 Several 

studies have indicated that enhancement of the SERS dramatically increased by gold 

and silver nanoparticles.116 The report by Zhang proved the SERS activity of 

aggregation of gold nanoparticle system has unique surface properties near IR 

absorption.117 Additionally, Olivo et al. investigated the improving film stability and 
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SERS performance using an electrostatically charged glass slide as the supporting 

substrate.118 

 

Van Duyne group in another study developed a sensors based on anthrax and 

glucose and probed by Surface-Enhanced Raman Scattering.119 Ag nanotriangle 

assembly on glass substrate was prepared and used as SERS sensors. The Ag triangle 

substrates have been optimized for near-infrared (NIR) laser excitations by tuning the 

extinction maximum of their LSPR. In a recent study of Astilean group,120 they 

showed that periodic arrays gold films deposited on top of highly ordered nanosphere 

to attempt the SERS potential from visible to NIR excitation. They also optimized 

the SERS activity of gold films for different excitation wavelengths (532, 633, and 

830 nm) depending on the film thickness by quantitative and comparative assessment 

of the exhibited Raman enhancement.121 Gold nanoparticle (GNP) based label-free 

SERS probe for ultrasensitive and selective detection of Trinitrotoluene 

demonstrated by Ray et al. for detection of various explosive application.122 

 

To understand the SERS performance, nanoparticles with control structure 

and assembly introduce in recent years. Many novel nanostructures have been 

explored, including nanowire bundles,123 nanoprisms,124 nanoshells,125 and 

nanoparticle.53a GNP aggregates in aqueous solution also provide an ideal platform 

for studying SERS.126 The conjugate of thiol compounds with GNPs induces the 

nanoparticles has reduction in electrostatic repulsion. The distance between GNPs 

with molecules surrounding them satisfies the condition for SERS via the 

electromagnetic enhancement. Later, we can modify these nanoparticles by varying 

experimental conditions such as the size and surface functionality of the GNPs, the 

pH of the solution for SERS performance.126-127  Yoon reported that charge-transfer 

(CT) enhancement in GNP contributed in SERS detection. This slow appearance of 

the CT provides an crucial clue to the difficult structural evolution of GNP 

aggregates.128 

 

In another SERS study, Mangeney et al.129 illustrated designing of a 

stimulable device made of gold nanoparticles conjugated to a gold flat film through 

an stimuli response polymer (poly(Nisopropylacrylamide) (PNIPAM)) brush layer, 

that can thermally modulate the distance between the NPs and the substrate. Indeed, 
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temperature responsive polymer undergoes a reversible, inverse phase transition at a 

lower critical solution temperature (LCST) of about 32 °C in  deionized (DI) 

water.130 Below the LCST, PNIPAM is swollen and the chains are in an extended 

conformational mode and SERS spectra illustrated no coupling between gold 

nanoparticles and gold surface when the interparticles distance is larger. Above the 

LCST, PNIPAM is in a hydrophobically collapsed conformational mode. This mode 

leads the higher SERS spectra due to strong interaction regime. 

 

Astilean and Boca demonstrated a method to replace cetyl-

trimethylammonium bromide (CTAB) with thiolated methoxy-poly(ethylene) glycol 

(mPEG–SH) polymer reduced GNRs toxicity for using as targeting agent in 

biological application. SERS measurements of isolated mPEG–SH-conjugated GNRs 

was detected.131 Highly-order penta-branched various gold nanostructures such as 

rod, wire, and platelike particles was investigated by Zubarev and co-worker. In this 

study application of these gold particles with periodic starfruitlike morphology was 

shown by SERS.132 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



29 
 

1.4 Nano-Lithography  

 

The field of nanotechnology investigates miniaturized device characteristics 

to improve efficiency and low cost in various industries such as microelectronics, 

communications, and data storage industries. Recently, developments in 

nanotechnology have made the fabrication of nanostructures possible in the sub-

nanometers regime with new features. The ideal nanofabrication technique should be 

inexpensive, flexible in size, shape, and spacing parameters, and massively 

parallel.133  

 

 “Bottom-up” and “Top-down” are two main procedures for nanofabrication. 

The “bottom-up” approach describes the manipulation of atoms, molecules and their 

assembly into bigger structures. This can be achieved by microscopes and natural 

self-assembly properties of molecules.134  

 

The nanopatterns have been used in different areas to improve e ciency such 

as electrical, magnetic,135 optical,57b, 136 catalytic,137 thermodynamic,138 

electrochemical,139 electrical transport140 and biological or physical properties. These 

properties provide benefit to acquire new functional materials and advanced devices. 

As an example, nanostructures with optical properties are used as filters,141 substrates 

for surface-enhanced spectroscopies,142 biosensors,143 bio-probes, chemical 

sensors,144 and optical devices.57c, 145 

 

Lithography is a process to create patterns on a substrate and to form defines 

structures. Several nanolithographic techniques are used to create nanostructures 

with various features133, 146 and are classified based on the method or the tool used. 

These lithographical techniques are Photolithography (optical, UV, EUV), E-beam/ 

Ion-beam/ Neutral Atomic Beam Lithography, X-ray Lithography, Interference 

Lithography, Scanning probe, Nanoimprint, Shadow mask and Natural/ Nanosphere 

Lithography. These nanostructure fabrication using lithography techniques is fast 

approaching but limit to capability and expensive process.147 Among these 

lithography techniques, nanosphere lithography (NSL), is an inexpensive, material 

specific and high-output nanostructure fabrication process which can produce a 2-D 

array of periodic structures.88, 148  
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1.4.1 Nanosphere Lithography 

 

For a lithographic colloidal mask preparation variety of submicrometer 

particles can be used in various materials with dimensions, and the surface charges. 

These colloidal particles can be synthesized in variety of materials, such as 

polymers,149 noble metals, semiconductors or metal–polymer conjugates150. The 

polystyrene (PS) nanoparticles are frequently used for NSL151 since they are 

monodispersed with a wide range of surface chemistries and charges. For a diameter 

smaller than 100 nm, silica nanoparticles are used, due to their low size dispersion.152 

For generation of nanopattern suitable colloidal particle with surface charge and size 

are important.  

 

The colloidal mask is usually self-assembled on a planar base substrate that is 

patterned.153 The wettability and surface charge properties help the formation of an 

ordered colloidal template due to the influence the solvent evaporation process and 

substrate–particle interaction. The materials such as conductive,151a insulating,154 

optically transparent,65a, 70a can be used as the substrate for colloidal mask. The glass 

or silicon151-152, 155 are most common used substrates covered with thin metal 

layers,151a, 152 metal oxides,156 or with various types of polymers.152, 155 Colloidal 

nanoparticles are electrostatically self-assembled in two dimension on the 

substrate.153 The colloidal particles assembled on the substrate with different forces 

such as electrostatic particle–particle, particle–substrate interactions, hydrodynamic 

interactions, and diffusion to hexagonally pack the particles onto substrate (Figure 

1.9).  
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Figure 1.9 Electron micrograph of hexagonally pack nanoparticles onto silicon 
substrate. 

 

A number of methods exist for the formation of self-organized nanospheres 

such as spin coating,157 drop coating,57c and thermoelectrically-cooled angle coating 

methods158 in order to form a 2D colloidal crystal deposition mask. Each of these 

methods are briefly explained as follows, and describe the strengths and 

weaknesses.134 

 

1.4.1.1 Evaporation methods  

 

Evaporation methods are based on solvent deposited on a substrate with very 

low evaporation in the particle suspension. The particles begin to self-organize in 

very small areas and cause multilayer structures.158-159  

 

1.4.1.2 Electrostatic deposition   

 

Electrostatic deposition is based on electrostatic attraction forces and method 

requires oppositely charged among substrate surface and particles in an electrolytic 
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solution.156, 160 The adsorption process is parallel but the spheres don’t pack in the 

manner periodic structures. 

 

1.4.1.3 Dip-coating  

 

In dip coating the substrate is removed vertically from a sphere suspension 

with a constant velocity. As opposed to evaporation methods it is appropriate for 

large-area approximately tens of square millimeters can be coated.161 

 

1.4.1.4 Langmuir-Blodgett coating  

 

This method describes transfer of nanosphere from a liquid-gas interface onto 

a substrate surface by controlled vertical removal of the substrate. Some parameters 

such as differential surface tension or surface pressure of the monolayer is controlled 

via a feedback system.162  

 

1.4.1.5 Self-assembly on pre-patterned substrates  

 

  Self-assembly on pre-patterned substrates provide controlled mesoscopic 

scale and formed in two steps; lithographic methods and self-assembled nanoparticle 

monolayers. A well composed monolayer of spheres is due to interactions between 

spheres and the previously functionalized areas. The first lithographic step causes to 

raise the processing time and cost.163 

 

1.4.1.6 Electrophoretic deposition  

 

 In this deposition method, electrical currents use for the deposition and self-

assembly of two- and three-dimensional colloidal crystals and limited for conductive 

substrate.164   
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1.4.1.7 Spin-coating  

 

Spin-coating is generally used in lithography with coating photoresist. Latex 

suspensions which have suitable viscosity and density can be used to make a thin 

layer. First the substrate is placed on the rotary stage and the suspension is dropped 

on the substrate, the spinning motion of the stage makes the liquid flow away. Other 

significant key-factors are the surface properties of the substrate and the spinning 

rate except that viscosity and density of the liquid. The mechanism of arrangement is 

likely to assembly of latex spheres.157, 159b, 165  

 

1.4.2 Literature Review 

 

The NSL has other names in literature: “colloidal lithography” or “natural 

lithography” that become one of the techniques in nanotechnology field for 

patterning surfaces at nano-scale range.  

 

In 1981, Fischer and Zingsheim introduced ‘natural lithography” using 

“naturally”-assembled polystyrene latex nanospheres as a mask for contact imaging 

with visible light.166 In 1982, Deckman and Dunsmuir demonstrated the use of a self-

assembled nanosphere monolayer as a material deposition and at the same time as an 

etch mask. These authors used the term “natural lithography” to describe this 

process. The same group investigated various fabrication parameters and possible 

applications of this approach using always a single layer (SL) of nanospheres as the 

mask.160, 167 Deckman’s ‘‘natural lithography’’ is an inexpensive, parallel, ‘‘bench-

top’’ technique that can be used to fabricate Ag nanostructures for Surface-Enhanced 

Raman Spectroscopy (SERS).168 

 

Finally, Van Duyne and Hulteen reported a work extending the SL 

methodology by (1) developing a double layer (DL) nanosphere mask, (2) 

performing atomic force microscopy (AFM) studies of SL and DL periodic particle 

arrays (PPAs) of Ag on mica, and (3) fabricating defect-free SL and DL PPAs of Ag 

on mica with areas of 10-100 µm
2 that were large enough to permit microprobe 

studies of nanoparticle optical properties. The process was renamed as “Nanosphere 
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Lithography” (NSL). 
157 They also demonstrated that the versatility of NSL with 

respect to choice of substrate material S and deposition material M.  

 

 
 

Figure 1.10 AFM images of SL and DL PPAs of M=Ag on S=glass, Si (111), and 
Cu (100). (A) Ag SL PPA on glass, 437x437 nm image. (B) Ag DL PPA on glass, 

757x757 nm image. (C) Ag SL PPA on Si(111), 515x515 nm image. (D) DL PPA on 
Si(111), 805x805 nm image. (E) Ag SL PPA on Cu(100), 490x490 nm image. (F) Ag 

DL PPA on Cu(100), 738x738 nm image.157 

 

Many groups are improved this techniques to make a better quality colloidal 

masks. Van Duyne groups optimized natural lithography and became a popular. Van 

Duyne et al. has been shown that by using discrete dipole approximation (DDA) it is 

possible to obtain excellent agreement between the experimentally measured 

extinction spectrum of tetrahedral-shaped nanosized silver particles and the results of 

electrodynamic theory.159a In another study of Van Duyne and coworkers, 

quantitative nanofabrication of size-tunable periodic particle arrays was performed 



35 
 

via nanosphere lithography by selecting an appropriate nanosphere diameter and 

deposition mass thickness. Additionally, the sizes of small feature prepared by 

nanosphere lithography are close to those produced by the standard nanofabrication 

techniques (i.e., EBL, IBL, and XRL).57c 

 

NSL has been widely used as an inexpensive (less than $1 per sample) 

nanofabrication technique. It is inherently parallel and high-throughput. It can also be 

applied to general materials to investigate the size-dependent magnetic, 

electrochemical, optical, thermodynamic, and catalytic properties of materials.88 

Angle-Resolved Nanosphere Lithography (AR NSL) was used also by Van Duyne 

and co-workers to modify the size, shape, and location of nanoparticles while 

maintaining the strengths of conventional NSL mentioned above.133 In another study 

of Van Duyne and colleagues,58 fabrication of size-tunable Ag nanoparticles was 

performed using NSL.57c, 157   

 

Large (a few cm2) monolayered masks could be directly applied onto any 

kind of surface through a self-assembly on a liquid-/gas interface. This technique169 

provided large sizes of defect-free areas of prepared masks, a very quick preparation 

process (in comparison to drying-based methods) and a high level of hexagonal 

structure orientation. In addition, nanosphere lithography was used to prepare 2D 

arrays of perfectly ordered magnetic nanoparticles at large scale. The preparation 

method was modified to enable the self-assembly of latex particles on water surface. 

 

In a work by Zareie et al., NSL was used to lay down an array of triangular 

Au/Al2O3/Au nanocapacitors on the (100) surface of n-doped silicon.170 Another 

study of Zareie and coworkers showed different than the usual application of NSL 

technique which produces regular arrays of triangular structures, remarkably 

hexagonal ring-shaped structures of zinc oxide were fabricated by using can NSL 

and metal/metal oxide sputtering.171 

 

A combination of colloidal self-assembly, preheating, and oxygen reactive 

ion etching techniques172 were used to fabricate controllable nonclose-packed non-

spherical PS particle arrays with long-range order.  In this report, NSL was used to 

fabricate large uniform area of gold nanoholes in cm2 scale on glass substrate, which 

was in contrast to the smaller area of nanoparticles obtained by closely packed NSL. 
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The LSPR sensitivity of nanoholes towards local refractive index was measured. 

BSA binding was then detected. Separately, biotin-streptavidin immunoassay to gold 

nanoholes was performed.173 

 

Colson and colleaques demonstrated the influence of each parameter on the 

degree of ordering of the nanospheres layers. Therefore, it does not aim at giving 

new insights in colloidal scale forces or transport e ects in fluids.
174 Nagayama and 

co-workers159b, 175 described the mechanism and stages of the process of colloidal 

particle ordering into 2D hexagonal close-packed array. The authors investigated of 

interactions and forces between colloidal nanospheres, leading to the formation of 

arrays on a solid substrate or in thin films of liquids. The mechanistic principles of 

3D colloidal crystal growth were investigated by Scriven and coworkers using 

evaporation-induced convective steering.176  

 

Ring-stain deposits formed in drying drops containing dispersed solids were 

investigated by Deegan et al.177 The pattern of ring-stain deposition was ascribed to a 

form of capillary flow in which pinning of the contact line of the drying drop ensures 

that liquid evaporating from the edge is replenished by liquid from the interior. 

Theoretical description of self-assembly mechanisms have been reported in various 

literature including publications by Zhao et al.178 and Regh et al.179 
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1.5 Nanorods Overview 

 

Noble metals nanoparticles have received a great deal of interest for their 

optical and plasmonic properties. Their optical properties depending on size and 

structure have brought a great potential in nanoelectronics, nano-biosensors and 

plasmonics applications. In 5th century before christ (B.C.) the synthesis of GNP or 

colloidal gold was used as a method of staining glass.180 In 1857 Faraday recognize 

that the brilliant color of these glasses is due to the presence of the gold particles in 

the pigment solution.181 He demonstrated the formation of red solutions of colloidal 

gold in a two-phase system. Various methods for the synthesis of gold particles were 

reported in 20th century.182 In 1951 J. Turkevich introduced simple method for 

preparation of colloidal gold using citrate reduction of Tetrachloroauric (III) acid 

(HAuCl4) in water which this method used for a long time.182b 

 

With the evolution of nanotechnology, gold nanoparticles as building blocks 

in practical nanotechnology play an important role.183 The progress in synthesis of 

nanoparticles and the influence of the particles size on the physical, chemical and 

optical properties of the material have been previously studied.184 The rods, wires 

and core-shell structures of noble metals in particular gold which are not spherical 

shape have been extensively investigated.184 Among these particles, NRs are the 

most popular research area due to their easy synthesis, control over the aspect ratio 

and potential application in biological sensing and plasmonic.185 

 

Nanorod have two separate absorption bands which is due to transverse and 

longitudinal structures of the rod while the spherical gold nanoparticles has only a 

single strong band as illustrated in Figure 1.11. These absorption bands happen when 

the incident photon frequency is resonant with the collective oscillation of the free 

electron cloud of the particle, and is known as “LSPR”.
186  
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The optical property of GNPs is dependent on size, environment surrounding, 

and the shape of the nanoparticles. The aspect ratio in GNRs is the value of the 

longitude divided by the width and lead to energy seperation between the resonance 

frequencies of the long and short bands by increasing the aspect ratio.187 For an 

example, if someone aims for an aspect ratio (AR) of ‘4’. This could be achieved by 

a nanorod feature in the range of 80 nm longitude, and 20 nm diameter, giving an AR 

of ‘4’.
186b 

 

 

 

GNRs show different color depending on the aspect ratio which allows the 

gold nanorods to be used in optical applications.188 One of these applications is in the 

biological area. For example NRs bind to specific cells with higher affinity and one 
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Figure 1.11 Typical surface plasmon absorption spectrum of gold 
nanorods. The strong long wavelength band in the near infrared region 

around 730 nm is due to the longitudinal oscillation of electrons and the 
weak short wavelength band in the visible region around 520 nm is due 

to the transverse electronic oscillation. 
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can observe the conjugated cell using a simple optical microscope due to the 

enhanced scattering cross section.189 This is how for the diagnosis of diseases such as 

cancer GNRs can be use as the biosensor. NRs with high enhancement of the 

longitudinal plasmon resonance190 can enhanced fluorescence over bulk metal and 

beneficially can be use in sensory field. With increasing the intensity of the surface 

plasmon resonance absorption the enhancement of the surface enhanced Raman 

scattering of molecules adsorbed on GNRs113 occur which make GNRs a excellent 

candidate for future of nanoelectronics. The uses of GNRs in various applications 

have been increased. With increasing of applications of GNRs, the mechanisms of 

the morphology and geometry still is obscure and also the reproducibility of the 

synthesis is poor.185  

 

In the wet chemistry the NPs, structures are determined both by the kinetic 

and thermodynamic factors. In most cases, the growth process of GNRs which 

contains different structures illustrates the thermodynamic energy and kinetics 

effect.191 When this kinetic energy is very strong, it leads in special types of particle 

morphologies such as rods, needles, platelets, and dendrites.185
  

 

1.5.1 Literature Review 

 

GNRs with aberrant optical properties have become a favorite in variety of 

research area. El-Sayed et al. reported the effect of temperature on GNRs 

encapsulated in micelles192 with an average aspect ratio of 3.3.193  

 

Esumi et al. were used the photochemical reduction in the presence of 

cetyltrimethylammonium chloride to developed gold nanostructures.194 This 

approach illustrated the capability of anisotropic growth in precipitation reactions; 

the resulting threadlike gold nanostructures with poor morphology. Murphy’s group 

introduced a seed mediated approach in which GNPs are used as seeds to grow 

GNRs.195 El-Sayed and coworkers showed that the efficiency of the reaction as well 

as the control of NR anisotropy can be increase using Ag(I) during rod formation.196 

 

In particular, GNRs growth mechanism can be analyse by the presence of the 

CTAB, which conducted by Murphy and co-workers,195 has become very popular. 
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Murphy’s group also illustrated that the shape of GNRs are depends on the changes 

of the surfactant. They examined C16TAB with different length and tail groups and 

demonstrated this length changes are critical for production of GNRs.197  

 

In another study, Wei and Zamborini198 described the investigation of the 

GNRs growth using seed mediated method under liquid AFM which is motivated by 

work of Murphy and co-workers. They synthesized GNRs with controlled AR in 

aqueous solutions using seed-mediated growth method.195 Murphy et al. method was 

later extended synthetically to the growth of NRs on the surfaces.199 

 

Nikoobakht and El-Sayed200 produced GNRs with different aspect ratio in 

solution by changing the amount of silver nitrate for a given amount of gold. They 

showed that the GNRs with high yield depended on surfactant-stabilized Au seeds. 

Later Murphy’s group extended this study to produce a very high yield of short 

GNRs with average lengths of 20 to 100 nm. They also investigated that the various 

reaction parameters can directly effect on NRs dimension. They reported also the 

ascorbic acid play important role in aspect ratios of GNRs.201  

 

Zweifel and Wei202 demonstrated that increase in the amount of Na2S in 

growth solution can directly reduce the optical drift in GNRs. The sulfide treatment 

gives an additional ameliorates by the dielectric function at the surface of nanorod 

which leads the plasmon resonances shifting toward longer wavelengths. The NRs 

after treatment with sulfide are stable at room temperature. 

 

Jana for the first time developed a new method for synthesis of GNRs in 

which seed solution is not necessary. He demonstrated a mixture of strong and weak 

reducing agents is introduced into the micellar solution of a metal salt, where the 

strong reducing agent initiates nucleation and the weak reducing agent helps the 

nanoparticles to grow.203 

 

Different approaches such as electrochemical,192 photochemical,204 and seed-

mediated methods200 have been used to grow GNRs. In one study, it was reported 

that addition of NaOH in which increase the pH of solution is crucial for formation 

nanorods with high aspect ratio in seed mediated method.205 In another study by 
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Yang Wu et al. illustrated the addition of nitric acid to seed mediated solution lead to 

monodispersity and higher aspect ratio of GNRs.206 

Jana et al. demonstrated that CTAB micelles break down at high temperature 

and NRs cannot produce that is why they indicated that GNRs only form at 

temperatures below 50 °C.
203 Pe´rez-Juste et al. also reported the same hypothesis 

that temperatures of reaction must be close to room temperature for higher NR 

yields.207 Zijlstra et al. reported that the temperature of the GNRs solution can 

increase up to 90°C in seedless method without breakdawn the micelles formation.
208

 

 

The concept of functional nanoscale devices based on plasmonic circuitry 

recently has been reported. Methods to obtain end-to-end self-assembly of metallic 

nanorods in suspension have been reported, while methods to stick GNRs on 

derivatized have also been demonstrated. Zareie et al.209 illustrated the protocol 

originally due to Caswell et al.210 in which GNRs can be assemble end-to-end, into 

long chains attached on top of a mixed self-assembled monolayer that has been 

functionalized with streptavidin (SA). 

  

 
 

Figure 1.12 Chains of NRs attached to a derivatized substrate. SEM images of A) 
networks of NR chains attached to the surface of the SAM, and B) a long chain of 

GNRs. C) High-resolution SEM image of a portion of a chain, which shows a region 
(arrowed) that appears to contain more than one SA molecule as binder. D) Negative 

image of (C). E) AFM image of the end portion of a chain.209 
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Many researches on application of GNRs in biology and health sciences have 

been mooted. Green et al.211 reported a comparison of the Liao and Hafner212 

protocol for PEGylating antibody-GNRs conjugates resulting in a 33.9% 

improvement in the conjugation e ciency of GNRs to tumor-targeted antibodies. 
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2 EXPERIMENTAL AND METHODS 

 
The method is described in two sections: 

 

2.1 Method for Nanosandwiches 

 

2.1.1 Materials 

 

Polystyrene nanospheres with diameters of 1000 nm, 500 nm, 200 nm (10 wt 

% solution in water, Sigma) and 400 nm (4 wt % solution in water, Interfacial 

Dynamics) were received as a suspension. Absolute Ethanol, Dichloromethane, 

methanol, Hydrogen Peroxide (30%), Sulphuric Acid, Ammonium Hydroxide (32%) 

were from Merck. Triton X-100, Phosphate-Buffered Saline (PBS, pH=7.4) and 

Streptavidine were purchased from Sigma. EZ-Link HPDP-Biotin (99%) was from 

Pierce. Silicon (p-type; 100, Silicon Inc.) was used as received. Glass substrates, No. 

2 Fisherbrand (18 x 18 mm) cover slips were purchased from Fisher Scientific. 

Deionized (DI) water (18.2 MΩcm-1) in the experiment was purified (Thermo 

Scientific) by treatment in a reverse osmosis. Cr (Plated Tungsten Rods), Ag, Al2O3 

(99.99%) and HfO2 (99.99%) were purchased from Kurt J. Lesker Company and Au 

(99.99%) was acquired from jewelry store. 

 

All polymers in this thesis were synthesized by Dr. Volga Bulmus laboratory 

from İzmir Institute of Technology (IYTE). The polymers are described in detail 

elsewhere.213  
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2.1.2 Substrate preparation 

 

Glass and silicon substrates were immersed in a piranha solution (3:1 30% 

H2SO4: H2O2 CAUTION) at 65ºC for 0.5h. Substrates were cooled down at room 

temperature, the glass substrates were rinsed thoroughly with DI water as to generate 

the surface hydrophilic and then sonicated for 60 minutes in 5:1:1 H2O:NH4OH:30% 

H2O2. The substrates were rinsed repeatedly with copious amounts of water and the 

remains were stored in water till they were used. Finally, they were dried under a 

stream of nitrogen gas and placed in drying oven at 75ºC for 30 min for further 

treatment of the surfaces from wettability. 

 

2.1.3 Nanosphere Lithography  

 

Aqueous suspensions of polystyrene spheres were diluted to a solution of the 

surfactant Triton X-100 in methanol (1:400 vol/vol) to serve the solutions in wetting 

the substrate and pack better before spin-coating. The dilution factors were adjusted 

to the nanosphere sizes. In order to fabricate Nanosphere Lithography (NSL) masks, 

self-assembled nanospheres were created as a form of hexagonal close-packed 

monolayer. Suspension was hold in sonication and applied vortex before use. Then, 

10 μL of the resultant suspension was dropped onto the substrate and then spun at 

2000 rpm for 40 sec171 or three step method214 according to size of nanosphere. Spin 

coating was performed on a Laurell spin coater.  

 

2.1.4 Metal deposition  

 

The substrates were fixed in the vacuum deposition chamber with the base 

pressure of ≈ 8×10-6 Torr, which was evacuated for a minimum of 4 h. Single Au 

layer and multilayer structures of Au / Al2O3 / Au were deposited over the 

nanosphere mask by using NANOVAK thermal evaporator for the Au and RF 

magnetron sputtering for the Al2O3 (Alumina). As an other sample, for preparing 

multilayer structures of Au / HfO2 / Au, HfO2 (Hafnium Oxide) was only deposited 

in Vaksis deposition chamber equipped with a DC/RF magnetron sputter system, 

while sputtering was carried out in presence of flowing Ar, at a pressure of 20 mTorr. 
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Deposition rate and film thickness were monitored with a quartz crystal 

microbalance. The thickness of  each layer was changed between 20 and 50 nm. 

After metal deposition, the each specimens were hold in dichloromethane by 

sonicating for 2-5 min in comparison with the thickness of coated metal to remove 

the nanosphere and then the samples were thoroughly rinsed with CH2Cl2 and dried 

under a stream of nitrogen (N2) gas. 

 

2.1.5 Nanostructure functionalization with Temperature Responsive Polymers  

 

In order to bind specific polymers to Au / Al2O3 / Au nanosandwich arrays, 

sample was incubated in 0.01 mM thiol terminated polymer (which is specific to Au 

layer) solution in ethanol for 24 - 48 hours. After incubation, the sample was 

thoroughly rinsed with ethanol to remove all physisorbed molecules and dried by 

flowing N2 gas. The same procedure was repeated with phosphate terminated 

polymer (0.01 mM) for modification of Al2O3 layer. For modification of Au / HfO2 / 

Au nanosandwich array, the nanosandwich array was incubated in silane terminated 

polymer solution in ethanol (0.01 mM) for 24-48 hours. The same rinsing and drying 

process was repeated. All experiment was performed in glove box.  

 

2.1.6 Biorecognition of Nanosandwich arrays for LSPR Biosensor 

 

The unfunctionalized Au / Al2O3 / Au nanosandwich arrays were incubated in 

0.1 mM mixed SAM (containing thiol terminated polymer and EZ-Link HPDP-

Biotin at a mol ratio of 9:1) for 24 h. The mixed SAM coated nanosandwich array 

was washed with ethanol and dried, then heated above the LCST (45ºC). The 

nanosandwich arrays having the collapsed state of the polymer was incubated with 

SA (2 µM) in PBS for 30 min. Finally, the substrate was washed with PBS and dried 

under ambient condition. 
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2.2 Method for Nanorods (NRs), Nanoparticles (NPs) and Nanobubbles 

 

2.2.1 Materials 

 

All chemicals were purchased from various suppliers with ≥ 99% purity and 

used as-received. Hexadecyltrimethylammonium bromide ( CTAB ) and 1-

Decanethiol – Sigma Aldrich, Tetrachloroauric (III) acid and Silver Nitrate ( AgNO3 

) – Alfa Aesar, Sodium borohyride granular ( NaBH4 ) – Aldrich, L-ascorbic acid – 

Fluka. 

Silicon (p-type; 100, Silicon Inc.) was used as received. DI water (18.2 

MΩcm
-1) treated through reverse osmosis (Thermo Scientific) was used for 

preparing all solutions. 

 

2.2.2 Gold Nanorod Synthesis 

 

In this work, gold nanorods (GNRs) were synthesized by two well-known 

methods as described below.  

 

2.2.2.1 Seed Mediated Synthesis
215

 

 

The experimental procedure of seed mediated method illustrated in Figure 

2.1. 

 

Synthesis of Seed Solution 

An aqueous sodium borohydride (0.01 M, 0.6 ml) was added to a 10 ml aqueous 

solution containing CTAB (0.1 M, 9.75 ml) and HAuCl4 (0.01 M, 0.25 ml). After 

addition, solution was stirred for 2 min.  

 

Synthesis of Growth Solution 

CTAB (0.1 M, 9.5 ml) was mixed with AgNO3 (0.01 M, 75 µl), HAuCl4 (0.01 M, 0.5 

ml) and ascorbic acid (0.1 M, 55 µl), respectively. Then, 12 µl of seed solution was 

added to this mixture. The growth solution was stored overnight at room temperature 

for rod formation. 
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Figure 2.1 Schematic representation procedure for preparation of GNR using  

seed mediated synthesis.  

 

2.2.2.2 Single Step Synthesis 

 

In this method we synthesized the GNRs according to Jana203; HAuCl4 (2 

mM, 5 ml) , CTAB (0.2 M, 5 ml) , AgNO3 (0.0084 M, 250 µl) , Ascorbic acid (0.084 

M, 250 µl) and NaBH4 (0.001 M, 100 µl) were mixed in vials.  

 

2.2.3 Production of Gold Nanoparticle from NRs 

 

Gold nanoparticles (GNPs) were prepared according to the abovementioned 

methods (procedure described in Section 2.2.2) with introducing the various gases 

such as N2, Argon (Ar) and Hydrogen (H2) with different flow velocities and time 

exposed. First we flow the gas into the seed solution only and complete the synthesis 

according the above methods (seed mediated). The next experiments carried out by 

flow the gas to both growth and seed solutions. This experiment repeated for seedless 

synthesis as well. 
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2.2.4 Conversion of GNPs to NRs procedure  

 

In order to acquire the GNR through nanoparticles from single step method 

we replaced the NPs with HAuCl4 in the seed solution. In parallel experiment, NPs 

were used as seed solution. While all the seed mediated methods remained same for 

complete nanorods production. 

 

2.2.5 Production of Nanobubble and Semi-shell  

 

Nanobubbles and semi-shells were obtained in compliance with seed 

mediated method. In this part of the experiment we flow the N2 gas to seed solution. 

 

2.2.6 Conjugation of GNRs with triangle Gold Nanodot arrays 

 

To achive high concentration gold nanorods, GNRs procedure was prepared 

by Green et al.211 The unfunctionalized Au nanodot arrays described in Section 2.1 

were incubated in 0.1 mM mixed SAM (containing decanethiol (DT) and EZ-Link 

HPDP- Biotin at a mol ratio of 9:1) for 24 h. The mixed SAM coated nanodot array 

was washed with ethanol and dried, then was incubated with SA in PBS for 24 h and 

was washed with PBS and dried under ambient condition. As prepared GNRs 

suspension was mixed with DT and EZ-Link HPDP-Biotin at a mol ratio of 9:1 for 

overnight. The SA binding functionalized nanodot arrays was incubated in the mixed 

SAM coated GNRs suspension. Finally, the substrate was washed and dried, 

respectively. 

 

2.2.7 Centrifugation 

 

Gold nanostructures were separated from the undesired structures and excess 

surfactant by centrifugation (WiseSpin CF-10) twice at 10000-13500 rpm for 20 min 

two times with respect to nanostructures dimension (till most of the surfactant was 

removed). In each cycle, UV-Vis measurements were performed after precipitates 

redispersed in DI water and also for the supernatants. 
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2.3 Characterization Methods 

 

2.3.1 UV-Vis / Near IR Spectroscopy 

 

UV-Vis measurements were carried out in a home-built instrument made by 

Nanodev Ltd. (Bilkent, Cyberpark) using an Ocean Optics USB2000+VIS/NIR 

spectrometer (350-1100 nm). All absorbance spectra were collected in quartz 

cuvette.  

 

2.3.2 Localized Surface Plasmon Resonance (LSPR) Spectroscopy 

 

The schematic presentation of the home-made LSPR Spectroscopy setup, 

which was manufactured by Nanodev Ltd. ( Bilkent, Cyberpark ), is illustrated in the 

Figure 2.2. Extinction measurements were collected via Ocean Optics HR2000 

spectrometer fiber optically coupled to a light microscope with unpolarized white 

light by a tungsten-halogen lamp. In this study, all spectra were recorded in standard 

transmission geometry-mode. The beam is passed through the sample with a 40X 

(NA=0.65) or 100X microscope objective (NA=1.25). The microscope objective 

collects the light, whereas the transmitted light is focused into a 400µm core 

diameter optical fiber cable and directed into the spectrometer ranged from 450 nm 

to 1100 nm. The probe-light spot diameter was approximately 4 mm. The LSPR 

spectra were monitored associated with data processing software (SpectraSuite, 

Ocean Optics Inc.), included boxcar smoothing and the average of 10 different points 

with 1000 ms integration time. All data presented have been smoothed. The LSPR 

spectra were collected from 10 different points of the sample in the ambient 

conditions. 
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Figure 2.2 Schematic illustration of LSPR Spectroscopy setup. 

 

2.3.3 Surface Enhanced Raman Spectroscopy (SERS) 

 

The schematic presentation of the home-made RAMAN system, which was 

manufactured by Nanodev Ltd. (Bilkent, Cyberpark), is shown in the Figure 2.3. In 

system, excitation light source is a continuous wavelength diode-pumped solid state 

laser at 532 nm and have a laser power with 15 mW. Laser irradiation was coupled 

with 100 μm core diameter fiber and appropriate highpass, lowpass, notch filters 

(Thorlabs) was placed in the beam path. We have used HR2000 Spectrometer from 

Ocean Optics as the Raman detector, it is equipped with 2048 pixel Linear CCD 

arrays. The spectral response of this spectrometer is ranging from 0 to 4000 cm-1. 

The signal of the SERS was obtained with 40X objective in 180° backscattering 

geometry, integrating time of each measurement was 1second. The Raman spectrum 

was collected with Ocean Optics data acquisition SpectraSuite spectroscopy 

software. The SERS spectra were collected from 10 different points of the sample in 

the ambient conditions. 
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Figure 2.3 Schematic illustration of Raman system. 

 

2.3.4 Surface Plasmon Resonance Spectroscopy (SPRS) 

 

Surface Plasmon Resonance Spectroscopy is based on monitoring the 

adsorption of biomolecules from liquid on to solid surface (such as gold and silver). 

The principle is based on the excitation of surface propagating electromagnetic 

waves called surface plasmons which will interact with any species which are present 

on the surface. The schematic presentation of the home-made SPR system, which 

was manufactured by Nanodev Ltd (Bilkent, Cyberpark), is illustrated in the Figure 

2.4. SRPS involves a polarised laser light beam with 705 nm wavelenght that passed 

through a prism which a gold coated glass attached to its surface using index 

matching liquid. The light is reflected off the gold-glass interface due to total internal 

reflection which in the process generates evanescent waves. The evanescent waves 

interact with the gold atoms and excite surface plasmons which are basically strong 

electromagnetic waves present on the surface of the metal. At this point, there is 

almost complete attenuation of the specular signal intensity producing a dip for that 

specific incidence angle which is referred to as the SPR angle. When species are 
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adsorbed onto the gold surface, the angle shifts slightly which is directly proportional 

to the amount of the specific analyte present on the gold.216 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.5 Atomic Force Microscopy (AFM) 

 

A Nanomagnetics Instrument Multimode Scanning Probe Microscope (Figure 

2.5) operating in tapping mode at the 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. 
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Figure 2.4 A schematic representing the operation of a SPR 
device. 
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Figure 2.5 Atomic Force Microscope. 

 

2.3.6 Scanning Electron Microscopy (SEM)  

 

SEM images were obtained ( Prof. Dr. Müjdat Çağlar, Electric and 

Electronics Department, Anadolu University, Eskisehir ) using a Zeiss Ultra Plus 

High Resolution FE-SEM ( Figure 2.6 ) equipped with an in-lens secondary-electron 

detector at operating range 2-20 KV depends on samples charging. Samples were 

dropped onto silicon substrates and dried in a desiccator. 
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Figure 2.6 Ultra plus high resolution field emission-scanning electron 
microscope 
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3 RESULTS AND DISCUSSION 

 

3.1 Analysis of Nanoarray Structures with Various Noble Metals and 

Thicknesses 

 
 The nanostructures with single or multilayers before and after treatment with 

polymeric materials and biological macromolecules were initially analyzed using 

different techniques. The principle of nanostructure preparation by nanosphere 

lithography is illustrated and explained in Figure 3.1. The templating sphere is 

polystyrene, with a diameter in the 200 to 1000 nm range. The nanoparticle arrays 

are subsequently used as a mask for deposition of the noble metals and inorganic 

compounds such as Au, Ag, Al2O3 and HfO2 in this study. The first step involves 

spin coating of polystyrene nanoparticles solution onto a cleaned glass and silicon 

substrates (Figure 3.1A). The nanoparticles exhibit hexagonal close packings (HCP) 

across significant areas of the surfaces. Next, noble metals or inorganic compounds 

were deposited onto the mask using physical vapor deposition techniques. The 

material deposited both onto the triangular voids of the HCP array as well as the top 

of the latex spheres. Lift off of the polystyrene nanoparticles by sonication and 

thoroughly rinsing in dichloromethane yielded pattern of triangular structures with 

sizes from 200 nm to 400 nm. 
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Figure 3.2A and 3.2B show Scanning Electron Microscope (SEM) images of 

large domains of defect-free packing of polystyrene before and after lift-off. A line 

profile on AFM (Atomic Force Microscopy) image (Figure 3.2A inset) shows the 

size of polystyrene to be 500 nm. A line profile from AFM image (Figure 3.2B inset) 

after liftoff shows that triangular structures is 50 nm in height ( line profile is not 

shown ), which is in agreement with 50 nm of gold as measured by a quartz crystal 

microbalance during the deposition process. 

 

A series of Localized Surface Plasmon Resonance (LSPR) extinction spectra 

demonstrate the wavelength tunability, which depends on controlling the in-plane 

diameter and out-of-plane height of the component nanoparticles, independently. The 

chemical composition of the nanoparticles, the substrate, and the surrounding 

medium are held constant. 

 

The changes of LSPR λmax with respect to nanoparticle height can be 

illustrated by comparing the LSPR spectra in Figure 3.2C. The spectra of 

nanoparticles with identical shapes and values of the diameter but different height of 

50, 30 and 20 nm depict a red shift of LSPR λmax of 739.09 nm (Figure 3.2C-1), 

763.93 nm (Figure 3.2C-2) and 794.67 nm, (Figure 3.2C-3), respectively. As the 

Au

Au

Al2O3

A B C

D
 

Figure 3.1 Schematic illustration of the general process of the nanosandwich arrays 
preparation by Nanosphere Lithography (NSL). (A) Spin coating of polystyrene beads, 

(B) Metals deposition, (C) Lift off, (D) Single hexagonal nanosandwich array. 
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height is decreased, the LSPR shift increases. This shift is due to the increase in 

magnitude of electromagnetic fields of shorter height nanoparticles.56a  

 

 

The control experiments to verify our LSPR results include investigation of 

the silver (Ag) nanodots and its metal/insulator/metal (MIM) forms with LSPR.  The 

LSPR λmax change of Ag nanoparticle with the change in the height and layer 

components is shown in Figure 3.3. The spectra indicate the red shift due to the 

varied height and different metal-insulator-metal layers. Figure 3.3A shows Ag 

nanodots with two different heights from 50 (red peak) to 25 nm (blue peak), leading 

to a red shift of λmax from 527 to 569 nm. This shift is due to higher magnitude of 
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Figure 3.2 (A) SEM image of hexagonal close pack array of polystyrene with 
diameter of 500 nm. The inset in panel A represents the higher magnification 

AFM image with scan area of 1.5x1.5 µm. (B) SEM image of nanodot arrays. The 
inset in panel B represents the high resolution AFM image at 800x800 nm. (C) 

Comparison of LSPR shift spectra of Au nanodot arrays on glass. All spectra were 
produced from a nanosphere deposition mask (D=500 nm) with a constant 

diameter of 200 ± 5 nm and various height of (1) = 50 nm λmax = 739.09 nm (2) = 
30 nm λmax = 763.93 nm (3) = 20 nm λmax = 794.67 nm. 
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electromagnetic fields of nanoparticles of shorter height compared to the ones of 

larger height.56a  

 

As the height of nanostructures gets thinner, the extinction decreases with 

respect to the absorption of incident light, as expected. Figure 3.3B shows the LSPR 

λmax of single layer nanodots compared with metal-insulator-metal (MIM) 

sandwiches. The LSPR of the Ag nanodots and MIM results in a 106 nm red shift. 

The LSPR λmax of 50 nm Ag nanodots was 527 nm, while the LSPR λmax of 60 nm 

MIM nanosandwiches (20/20/20 nm of Ag/Al2O3/Ag) was 633 nm. Ag nanodots that 

generate these peaks have identical shapes and diameters but vary in height and 

composition of nanostructures. 

 

 
Not only the height of nanostructures changes the LSPR spectra but also their 

lengths have significant effect in LSPR spectra. All the nanostructure arrays in this 

study were prepared using 500 nm diameter nanosphere mask. However, we also 

examined the larger particles with diameter of 1 µm to investigate the changes in 

LSPR measurement with particle size. The effect of changing nanoparticle diameter 

for a constant composition, shape and height is shown in Figure 3.4. These 
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Figure 3.3 The LSPR shift peaks between (A) 50 nm Ag nanodot array (a) with 
λmax= 527 nm and 25 nm Ag nanodot array (b) with λmax= 569 nm. (B) The LSPR 
shift spectra shows the different between 50 nm Ag nanodot array with λmax= 527 
nm (a) and 20 nm Ag / 20 nm Al2O3 / 20 nm Ag nanosandwich array with λmax= 

633 nm (b). 
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nanostructures have identical shapes and constant out-of-plane height but different 

in-plane diameter from 200 to 400 nm. Increasing the size of the PS nanosphere 

mask shifted the UV-Vis extinction into the infrared region, as expected. A 311 nm 

red shift can be seen in Figure 3.4. From the LSPR measurements we could clearly 

observe that when nanosphere diameter increased, the size of triangle nanodots 

increased, which led to the LSPR shift to higher wavelength. This shift is due to 

higher magnitude of electromagnetic fields of wider nanoparticles compared to the 

ones of narrower nanoparticles.56a 
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Figure 3.4 Comparison of LSPR shift for 25 nm Ag nanodot array with different 
polystyrene diameter corresponding to (a) D= 500 nm (b) D=1000 nm.  

 

3.2 Analysis of Single Layer Nanodot Arrays Conjugated Polymer 

 

The nanodot arrays before and after conjugation with polymer were analyzed 

using AFM. The corresponding tapping mode AFM images are shown in Figure 3.5. 

Figure 3.5A displays an AFM image of typical gold nanodot arrays on a glass / Si 

substrate. The Au nanotriangles have in-plane widths of ~200 nm and out-of-plane 

heights of ~50 nm as determined by line profiles from AFM images. Figure 3.5B 

shows the surface morphology of the same nanodots after treatment with thiolated 
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polymer solution, pyridyldisulfide (PDS)-functionalized poly(MEO2MA) (Mn of 

3200 g/mol). This image clearly shows that the polymer molecules are completely 

bound to the side and top of the nanodots.  

 

Figure 3.5C displays LSPR extinction spectra of triangular Au nanodot arrays 

on glass substrates with an in-plane diameter of 200 nm and out-of-plane height of 

50 nm before and after polymer functionalization. The LSPR λmax of the 

unfunctionalized Au nanodots was measured to be 729.53 nm and after conjugation 

with polymers shifted to 736.16 nm. A 6.3 nm red shift indicates the binding of the 

polymer to the Au nanodot surfaces. Both the LSPR spectra and AFM images have 

demonstrated well the specific binding of the PDS-functionalized polymer to the 

nanodots on silicon and glass substrate.  

 

Surface Plasmon Resonance (SPR) technique was used to verify the surface 

coverage and binding affinity of PDS-functionalized polymer onto the gold surface. 

In this experiment water was used: 1) to establish an initial steady baseline and 2) to 

remove loosely bound molecules after each flow regime. The amount of wavelength 

shift (nm) correlates to the amount of polymer attached on the surface. Figure 3.5D 

shows polymer adsorption on a clean gold sensor. A sharp increase in the SPR 

wavelength is observed upon introducing polymer solution to the sensor (b), 

corresponding to an increase in polymer adsorption by the sensor surface. The 

decline in SPR wavelength during the water rinse is due to the removal of the 

unbound polymers (c and e). The second injection (d) of polymer over the sensor 

surface leads to the second sharp increase in the SPR wavelength as a result of the 

more polymer binding. Introduction of sample solutions in all two flow regions leads 

to a sharp increase in SPR wavelength, indicating the binding of respective 

molecules on the gold sensor. The difference in SPR wavelength between the initial 

baseline and the baseline after each water rinse reflects the amount of bindings at 

each step.  

 

The net refractive index unit (RIU) shift was measured and used to calculate 

the thickness of thiol-terminated polymer on the Au surface. The thickness was 

found to be 3,56 nm, in good agreement with theoretical calculations and values 

reported in literature.74 SPR measurements of the adsorption of polymer solution 
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onto a bare gold (Au) surface showed a surface coverage of 275.6 ng/ cm2 (~1.6 1014 

PDS-polymer /cm2) 
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Figure 3.5 (A) Tapping mode AFM image of 50 nm Au nanodot arrays on silicon 
substrate. (B) AFM image of thiol terminated polymer functionalized Au nanodot 

arrays. (C) Comparison of LSPR shift between (a) 50 nm Au nanodot array 
λmax=729.53 nm and (b) Au nanodot array after thiol terminated polymer 

conjugation λmax=736.16 nm on glass substrates. (D) SPR sensogram of thiol 
terminated polymer on gold coated glass. 
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3.3 Nanostructure (Nanosandwiches) Arrays Conjugate with Temperature 

Responsive Polymers 

 

 In order to improve our LSPR system performance, we started nanostructure 

with various shape and size for a sensitive and fine-tuned LSPR spectrum. To do 

this, we run a series of experiments on nanostructure arrays with different thickness 

layers for LSPR measurements.  

Before the surface functionalization with polymers, the thickness of 

nanostructure was controlled in this section. We investigated two height depent 

nanostructures of 20 nm Au / 20 nm Al2O3 / 20 nm Au and 30 nm Au / 30 nm Al2O3 

/ 30 nm Au. Figure 3.6 shows the LSPR spectra of nanosandwich arrays with 

different thicknesses. First sample consists of 30 nm MIM on glass substrate (blue 

peak) and second sample is 20 nm MIM (red peak). The LSPR λmax of the red peak 

is located at 743.23 nm and blue peak is measured to be 831.37 nm. A 88.14 nm red 

shift is due to the decrease in height. As the samples get thinner, the extinction of 

incident light decreases, as seen in Figure 3.3A. 
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Figure 3.6 Comparison of LSPR shift between 90 nm (blue peak) and 60 nm MIM 
(red peak) nanosandwiches. 
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The conjugation of polymeric and biological molecules to nanostructure 

(nanosandwiches) arrays is illustrated in this section of thesis. The thiolated polymer 

was conjugated to the gold layers of nanosandwiches and the optical properties and 

morphology of these nanostructures were then investigated by LSPR and AFM, 

respectively (Figure 3.7). Figure 3.7A shows the schematic representation of 

thiolated polymer binding onto Au layers. The AFM images of nanosandwich array 

(Au / Al2O3 / Au) can be seen in Figure 3.7B and 3.7C. Figure 3.7B shows 

unfunctionalized nanosandwich arrays. The average nanosandwich height was 

measured to be 55 nm. Remarkably, rings can be seen in the surrounding of 

unfunctionalized nanosandwiches arrays, which is formed from the re-emision of 

Al2O3 from the center layer of triangular arrays. After incubation with thiol 

terminated polymers, the average nanosandwich height was measured to be 58 nm 

(Figure 3.7C). The variation suggests the polymer binding on nanosandwich arrays. 

The binding of the thiol terminated polymers results from the formation of S-Au 

covalent bond. In addition, binding of polymers to the gold layer results in the 

triangles to adopt a more rounded shape.  
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Figure 3.7 (A) Schematic illustration of the functionalized 
nanosandwich arrays with thiol terminated polymers to Au 

layers. (B) Tapping mode AFM images of 
unfunctionalized and (C) functionalized nanosandwich 

arrays with thiolated polymers on silicon substrate. Inset 
images in (B and C) represent the scan area of 

1.5µmx1.5µm. (D) Comparison of LSPR shift between (a) 
unfunctionalized λmax= 832.24 nm and (b) functionalized 

20 nm Au / 20 nm Al2O3 / 20 nm Au nanosandwich arrays 
with thiolated polymers λmax= 849.66 nm on glass 

substrates. 
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The functionalisation of 20 nm Au / 20 nm Al2O3 / 20 nm Au 

nanosandwiches with thiol or phosphate terminated polymers were also analyzed by 

LSPR measurements. The LSPR results are presented in Figure 3.7D. The LSPR 

λmax of the unfunctionalized nanosandwich arrays was measured to be 832.24 nm 

(a). The LSPR λmax of the nanosandwich arrays modified with the thiol terminated 

polymers was measured to be 849.66 nm (b) corresponding to a 17.42 nm red-shift. 

 

Schematic illustration of the functionalized nanosandwich arrays with 

phosphate terminated polymer to Al2O3 layer can be seen in Figure 3.8A. Figure 

3.8B and 3.8C depict the comparison of unfunctionalized and phosphate terminated 

polymer functionalized nanosandwich arrays, respectively. The presence of Al2O3 

near the edge and surface of the nanosandwiches can be observed in Figure 3.8C. 

Moreover, inset image of Figure 3.8C shows that native aluminium oxide (Al2O3) 

layers were formed and phosphate terminated polymers were bound to Al2O3 layer 

near the nanodot array. During the experiments it was noted that wetting properties 

of Al metal changed the deposition conditions.217  

 

In Figure 3.8D, the LSPR λmax of the unfunctionalized nanosandwich arrays 

was measured to be 836.6 nm (red peak). The LSPR λmax of the nanosandwich 

arrays modified with the phosphate terminated polymers was measured to be 843.13 

nm (blue peak) corresponding to a red-shift of 6.53 nm. The LSPR shift observed 

with the thiolated polymer modified nanosandwich arrays (17.42 nm in Figure 3.7D) 

was much larger than that of the phosphate terminated polymer functionalized 

nanosandwich arrays (6.53 nm). This difference is due to the smaller surface area of 

Al2O3 layer compared to the surface area of Au layers on nanosandwich arrays which 

leads to the binding of less amount of phosphate-terminated polymer. These 

conclusions are also parallel with Figure 3.7D. In comparison to the obtained results, 

the accuracy of data has been proven. 
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The selectivity of gold-thiol binding was shown by SPR analysis (Figure 

3.8E). Three different samples were injected to the Au chip surface; diethyl (3-

bromopropyl) phosphonate (DeBrPP), allyltriethoxysilane (ATES) and thiolated 

polymer. The adsorption was monitored by SPR. The SPR response was obtained 

only with thiol terminated polymer adsorption, whereas DeBrPP and ATES did not 

give any response in SPR sensograms. As it can be seen in Figure 3.8E, (a) is the 

point at which 200 µl/min deionized (DI) water was injected for 10 min, at (b) 100 

µl/min DeBrPP was injected for 30 min, which was followed by (c) injection of 100 

µl/min ATES for 30 min.  
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Figure 3.8 (A) Schematic illustration of the functionalized 
nanosandwich arrays with phosphate terminated polymer 

to Al2O3 layer. Tapping mode AFM images of (B) 
unfunctionalized and (C) phosphate terminated polymer 
functionalized nanosandwich arrays on silicon substrate. 

Inset images in B and C represent the scan area of 
1.5µmx1.5µm. (D) Comparison of LSPR shift between (a) 
unfunctionalized λmax= 836.6 nm and (b) functionalized 20 

nm Au / 20 nm Al2O3 / 20 nm Au nanosandwich arrays 
with phosphate terminated polymer λmax= 843.13 nm on 
glass substrates. (E) SPR sensogram of non-specific and 

specific binding events. 
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Figure 3.9A (a-b) shows schematically the binding process of both phosphate 

and thiol terminated polymers on nanosandwich arrays. First, the phosphate 

terminated polymer was bound to Al2O3 layer and then thiol terminated polymer was 

attached to Au layers. In addition to individual binding of polymers in Figures 3.7C 

and 3.8C, the functionalization of all layers of nanosandwich arrays with both 

polymers is shown in Figure 3.9C. The binding of thiol and phosphate terminated 

polymers to Au and Al2O3 layers, respectively, is specific to metal and occurs 

through chemical bonding.  

 

Figure 3.9D shows the LSPR λmax of the nanosandwich arrays after having 

each layer functionalized with polymer. The LSPR λmax of the unfunctionalized 

nanosandwich arrays was measured to be 831.37 nm (a). In order to carry out the 

specific binding of phosphate-terminated polymer to Al2O3 layer, the sample was 

incubated with the respective polymer solution for 24 hours. After gently rinsing 

with absolute ethanol and drying under nitrogen (N2) stream, the LSPR λmax was 

measured to be 838.78 nm (b). The LSPR λmax change corresponded to a 7.41 nm 

red-shift compared with unfunctionalized nanosandwich arrays, indicating efficient 

polymer adsorption, was in good agreement with the result presented in Figure 3.8D. 

Next, the array sample was incubated with the thiol terminated polymer solution for 

24 hours to allow the binding of the polymer to the bottom and top Au layers of the 

nanosandwiches. After gently rinsing and drying, the LSPR λmax of the 

nanosandwich arrays was measured to be 853.13 nm corresponding to a 14.35 nm 

red-shift (c). The results indicate that the functionalization of nanosandwich layers 

individually with polymers exhibited a larger extinction shift in comparison to the 

functionalisation of all layers. This result may be attributed to alterations in the 

nanosandwich arrays surrounding local dielectric environment as well as the steric 

hindrance effects of polymers chains bound. Moreover, dipole and quadrupole peaks 

are located approximately at 831.37 nm and 555 nm, respectively. Upon exposure to 

polymers, the dipole peak shifts to 853.13 nm as quadrupole peak remains constant 

(Figure 3.9D).  
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In addition to the interpretation of Figure 3.7D and 3.8D, the functionalisation 

of individual layer of the nanosandwich arrays exhibit a larger extinction shift in 

comparison to the the functionalisation of all layers. This result can be attributed to 

alteration in the nanosandwiches local dielectric environment and surrounding 

refractive index. These results is in good aggreement with theoretical studies. 

According to this studies the electromagnetic field strength at the nanotriangle 

surface is more intense which is due to larger LSPR shifts and having larger 

electromagnetic field too. 218 
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Figure 3.9 (A) Schematic illustration of the functionalized 
nanosandwiches with thiol and phosphate terminated 
polymer to Al2O3 and Au layers. Tapping mode AFM 
images of (B) unfunctionalized and (C) functionalized 

nanosandwich arrays with thiol and phosphate terminated 
polymers. Inset images in B and C represent the scan area 

of 1.5µmx1.5µm. (D) Comparison of LSPR shift of (a) 
unfunctionalized λmax= 831.37 nm (b) after 

functionalization of nanosandwich arrays with phosphate 
λmax=838.78 nm (c) thiol and phosphate terminated 

polymers λmax = 853.13 nm. 
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From above mentioned results the adsorbate-induced local refractive index 

changes with respect to the charge-transfer interactions at the surfaces of nanodots 

lead to wavelenght shifts in LSPR instead of electromagnetic coupling of the 

nanodots. The signal transduction mechanism in this nanosensor is a reliably 

measured wavelength shift rather than an intensity change as in many previously 

reported nanoparticle-based sensors. In addition to these inferences, an 

electrodynamics study demonstrated that the more redshifted plasmon resonances 

gave larger peak shifts, it can be seen in our study, as well.218 

 

 
 

Figure 3.10 SEM images of unfunctionalized (A) and functionalized nanosandwich 
arrays with thiol terminated polymer (B), phoshate terminated polymer (C), thiol and 

phosphate terminated polymers (D). 

 

Figure 3.10 shows the electron micrograph results of Au/Al2O3/Au (before 

and after functionalized with polymers) experiments. Figure 3.10A is the sample that 

not interacted with polymers, the height and sizes of the dots indicated no absorption 
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or no binding. Figure 3.10B reveals that the phosphate terminated polymer bound to 

Al2O3 as can observed in SEM image. The only problem with the SEM images are 

the effect of the beam on the polymers and so we tried to use low KV to get proper 

images. Figure 3.10C shows that the thiolated polymer completely bound to the 

nanodots as seen in SEM image. Finally, the binding events of all polymers to 

nanodots were investigated by SEM image as shown in Figure 3.10D. These SEM 

images were in good agreement with LSPR. 

 

In addition to these experiments, other nanosandwich arrays, which is 

composed of 30 nm Au / 30 nm Al2O3 / 30 nm Au, were functionalized with 

polymers (thiol and phosphate terminated) to demonstrate accuracy of the results. 

 

 
 

Figure 3.11 Comparison of LSPR shift between (A) unfunctionalized 30 nm Au / 30 
nm Al2O3 / 30 nm Au nanosandwich array (blue peak) λmax= 751.06 nm and after 

thiol terminated polymer binding to nanosandwich array (red peak) λmax= 770.09 nm 
(B) unfunctionalized 30 nm Au / 30 nm Al2O3 / 30 nm Au nanosandwich array (blue 

peak) λmax= 743.23 nm and after phosphate terminated polymer binding to 
nanosandwich array (red peak) λmax= 748.96 nm on glass substrates. 

 

Similar to Figure 3.7 and 3.8, the 30 nm Au / 30 nm Al2O3 / 30 nm Au 

nanosandwich arrays were functionalized with thiol and phosphate-terminated 
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polymers, individually. In Figure 3.11A, the LSPR λmax of the unfunctionalized 

nanosandwich array was measured to be 751.06 nm (as shown in blue peak). The 

nanosandwich arrays were then modified with the thiol terminated polymer and the 

LSPR λmax was measured to be 770.09 nm corresponding to 19.03 nm red-shift (as 

shown in red peak). This shift value is different than the one observed in Figure 3.5 

due to alteration in the nanosandwich array local dielectric environment and 

component of multilayer in contrast with single layer. 

 

In the same manner, in Figure 3.11B, the LSPR λmax of the unfunctionalized 

multilayer nanosandwich array was measured to be 743.23 nm (as shown in blue 

peak). The nanosandwich arrays were then modified with the phosphate terminated 

polymer and the LSPR λmax was measured to be 748.96 nm corresponding to 5.73 nm 

red-shift (as shown in red peak). The LSPR shift induced from thiol terminated 

polymer was larger than that induced by phosphate terminated polymer on 

nanosandwich arrays. This was attributted to the smaller area of Al2O3 layer at which 

the phosphate terminated polymer bound when compared to the area of Au layers 

where thiol terminated polymer attached to. 
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Figure 3.12 Comparison LSPR shift between 30 nm Au / 30 nm Al2O3 / 30 nm Au 
nanosandwich arrays (A) unfunctionalized λmax = 741.02 nm. (B) after 

functionalization of nanosandwich arrays with phosphate terminated polymer λmax = 
746.31 nm. (C) thiol and phosphate terminated polymers λmax = 749.84 nm. 

 

In Figure 3.12, the LSPR λmax of the MIM nanosandwich arrays were 

recorded after each surface functionalization step. First, the LSPR λmax of the 

unfunctionalized nanosandwich array was measured to be 741.02 nm (Figure 3.12-

A). In order to conjugate the specific polymer to middle Al2O3 layer, the sample was 

incubated in the phosphate terminated polymer solution for 24 hours. Afterrinsing 

and drying with N2 gas, the LSPR λmax with the polymer was measured to be 746.31 

nm (Figure 3.12-B). The LSPR λmax shift corresponding to this surface 

functionalization step was a 5.29 nm red-shift with regard to unfunctionalized MIM 

nanosandwich arrays. Next, the sample was incubated in the thiol terminated 

polymer solution for 24 hours to conjugate the specific polymer to the bottom and 

top Au layers. Again, after rinsing and drying with N2 gas, the LSPR λmax of surface 

modification with the polymer was measured to be 749.84 nm corresponding to 3.53 

nm red-shift (Figure 3.12-C). Moreover, the dipole and quadrupole peaks were 

located approximately at 741.02 nm and 550 nm, respectively. Upon exposure to 
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polymers, the dipole peak shifted to 749.84 nm as quadrupole peak remained 

constant (Figure 3.12). After binding polymer to nanosandwiches, the Au sample 

provided smaller LSPR shift this response is due to changes in the electromagnetic 

field strengths surrounding the nanosandwiches and also the polymer packing 

density. 

 

After Au / Al2O3 / Au nanosandwiches, the functionalisation of 30 nm Au / 

30 nm HfO2 / 30 nm Au nanosandwiches with silane terminated polymers were 

analyzed by SEM, AFM and LSPR, respectively.  

 

 
 

Figure 3.13 (A, B) SEM images of functionalized 30 nm Au / 30 nm HfO2 / 30 nm 
Au nanosandwich arrays with silane terminated polymers. (C) Tapping mode AFM 
image of functionalized nanosandwich arrays with silane terminated polymers. (D) 

Comparison of LSPR spectra between unfunctionalized (a) λmax= 918.8 nm and 
functinalized with silane terminated polymers (b) λmax= 928.8 nm. 
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To investigate the morphology of nanosandwiches arrays (Au / HfO2 / Au) 

the SEM and AFM were conducted. Figure 3.13(A and B) illustrated the low and 

high magnification images of nanosandwiches. The image in Figure 3.13B reveals 

that almost all nanosandwiches after interact with silane terminated polymers seems 

to be covered. To improve this issue AFM was applied to get higher resolution image 

for observation the binding process in detail.  The AFM image (Figure 3.13C) 

illustrated that the nanosandwiches all were covered with polymers in which the 

shape of these structures became smaller with compare to unfunctionalized 

nanosandwiches.  

 

LSPR measurement was presented in Figure 3.13D. The LSPR λmax between 

the unfunctionalized (a) and functionalized (b) nanosandwich arrays shows the total 

shift of 10 nm. A 10 nm red-shift in HfO2 spectrum was smaller than the shift from 

thiolated polymer in nanosandwich arrays (Figure 3.11A). This small shift is due to 

the smaller surface area of HfO2 layer compared to the surface area of Au layers on 

nanosandwich arrays which leads to decreased in the silane-terminated polymer.  

 

3.4 Investigation of Polymer Phase Transition on Nanosandwich Arrays  

 

Temperature-responsive polymers are polymers that respond with large 

physical changes to small temperature changes in their environment. Typically, when 

the polymer is stimulated by a temperature increase above a critical temperature, the 

polymer chain in solution shows conformational changes and phase separation. 

Similarly, the surface-adsorbed or grafted polymer chains collapse, when they are 

stimulated by a temperature increase, converting the interface from hydrophilic to 

relatively less hydrophilic state. The temperature at which the phase transition (chain 

collapse) occurs is called lower critical solution temperature (LCST).219 The 

transition is reversible (i.e. the chains return to their extended conformation when 

temperature is decreased below LCST, and the reversible transition can be repeated 

numerous times by changing the temperature above and below LCST. The LCST of 

the polymers can be adjusted over a wide temperature range simply by introducing 
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hydrophilic or hydrophobic components into the temperature-responsive polymer 

structure. Poly(N-isopropyl acrylamide) and poly(ethyleneglycol methylether 

(meth)acrylate) polymers are well-known temperature responsive polymers with 

tunable LCST values at temperatures practical for biological applications (i.e. 

between 10ºC and 50ºC). Poly(ethylene glycol) (PEG) based temperature-responsive 

polymers show also non-fouling (protein-repellent) properties. These PEG based 

temperature responsive polymers were used to modified the nanosandwiches for 

biosensor application in this thesis.220 

 

Figure 3.14A schematically shows the nanosandwich arrays having Au layers 

functionalized with thiol-terminated polymer at its expanded (a) and collapse (b) 

states. Figure 3.14B depicts the extinction spectra shifts of the thiol-terminated 

polymer-coated Au nanosandwich arrays (30 nm Au / 30 nm Al2O3 / 30 nm Au) 

below (b) and above (c) the LCST of the polymer. The LSPR λmax of 

unfunctionalized nanosandwich arrays was first measured to be 757.77 nm (a). After 

the functionalization with the thiol-terminated polymers, the LSPR λmax of 

nanosandwich arrays was recorded to be 770.09 nm (b). As the surface was heated 

up to 45ºC, a red shift in the LSPR wavelength from 770.09 nm to 781.51 nm was 

observed (c), possibly due to the increase in the polymer density close to the 

nanosandwiches. This red-shift of approx. 10 nm was attributed to the collapse state 

of the polymer, causing an increase in the refractive index of the surrounding 

medium. As well-known in the literature,95 the temperature-responsive polymers 

used in this study undergo a reversible phase transition from a hydrophilic expanded 

state to a hydrophobic collapsed state when the temperature is increased above its 

LCST. These conformational changes lead to variations in the optical properties of 

nanostructures. 
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Figure 3.14 (A) Schematic illustration of the functionalized nanosandwich arrays 
with thiol terminated polymer above the LCST. (B) LSPR results of (a) 

unfunctionalized and (b) functionalized nanosandwich arrays with thiol terminated 
polymer at below LCST (25ºC) and (c) above LCST (45ºC). (C) SPR sensogram of 

the adsorption and temperature-responsive behaviour of polymer. 

 

The main purpose of the SPR Spectroscopy technique was to monitor both 

the adsorption and thermoresponsive behaviour of the thin polymer films which were 

formed. The analysis involved using 0.1 mM concentrated polymer, followed by 

multiple injections of hot water. Before the main experiments could be carried out, it 

was important to rule out any extraneous causes which would result in an increase in 

the signal level when the hot water is injected. The hot water itself will possess a 

higher refractive index than cold water and it was important to see whether a change 

in the water temperature would cause a shift in the signal level. Since the hot water 

injections will pursue the polymer injections, there is the possibility that a small 

amount of polymer is still being injected which would cause the signal shift. This can 

be investigated by injecting cold water. If cold water produces similar shifts to hot 
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water, then the signal shift cannot be attributed to the thermoresponsive behaviour of 

the polymer.  

 

The first control experiment carried out involved injecting water at different 

temperatures to see the effects it has on the sensogram. The hot water control (Figure 

3.15) shows that there is no change in the sensogram and so the water temperature 

itself does not influence the signal level. 

 

 

 

 

 

 

 

 

 

 

 

The thiol terminated polymer solution (0.1 mM) was injected followed by 

numerous hot water (~40°C) injections. The resulting sensogram shows the 

formation of a thin polymer film due to a shift in the signal level (Figure 3.14C). The 

reference signal was obtained by DI water injection (a). The polymer solution was 

injected to chip surface (b and d) to reach the saturation point. The adsorption of the 

polymer to the gold surface was followed by the cold water rinse (c, e and g), The 

following injections (f and h) were shot water at 55°C which was above the LCST of 

the polymer (40°C). The sensogram shows a series of signals which are much larger 

compared to the cold water injections and also do not dissipate when compared to the 
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Figure 3.15 The hot water injection on gold substrate as control experiment. 
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cold water runs (see Figure 3.14C, f-h). These signals are therefore a direct result of 

the thermoresponsive behaviour of the thin polymer film.  

 

In order to show the stability of the system, the sensogram of the 0.1 mM 

sample was left running with water overnight. The result showed that the signal 

dropped to the original injection level which supported the claim of the stability and 

also the presence of the thin polymer film. If the polymers were not chemisorbed 

onto the gold surface, the signal would have been expected to fall down to the 

starting point which it did not. 

 

3.5 Analyses of Bioaffinity Binding to Nanosandwich Arrays Functionalized 

with a Mix of Thiol-Terminated Polymer 

 

Figure 3.16A schematically demonstrates the binding event of (a) mixed 

SAM (thiol-terminated polymer+EZ-Link HPDP-Biotin) and (b) streptavidin (SA) 

interaction above the LCST of the polymer on nanosandwich arrays. Figure 3.16B 

and 3.16C show AFM images of the mixed SAM before and after streptavidin (SA) 

binding above the LCST of the polymer (45°C). The polymer morphology changed 

depending on the temperature being below or above the LCST. The height of the 

polymer chains decreased upon heating, leading to the binding of SA molecules to 

biotin molecules, as clearly observed in AFM images. 

 

The LSPR spectra presented in Figure 3.16D display that SA molecules did 

not bind to the mixed SAM (containing thiol terminated polymer and EZ-Link 

HPDP-Biotin at a mol ratio of 9:1) when the temperature was below the LCST of the 

polymer (room temperature). LSPR λmax of the unfunctionalized nanosandwich array 

was measured to be 816.11 nm (a). After incubation of the polymer and biotin 

mixture (0.1 mM) for 24 h, the LSPR analysis of the nanosandwich array showed a 

LSPR λmax of 822.22 nm (b). A red-shift of 6,11 nm was observed due to the binding 
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of the mixed SAM to nanosandwich array. After the substrate was incubated with SA 

(2 µM) in PBS (Phosphate-Buffered Saline) for 30 min, the LSPR λmax was measured 

to be only 823.88 nm (c). Such a small shift (1.66 nm) corresponds to the 

instrumental noise or non-specific binding of SA molecules.  

 

The LSPR spectra in Figure 3.16E display the shifts observed with the 

unfunctionalized and functionalized nanosandwich arrays (30 nm Au / 30 nm Al2O3 / 

30 nm Au). The LSPR λmax of the unfunctionalized nanosandwich array (red peak) 

was measured to be 765.28 nm (a). After functionalization, LSPR λmax showed an 

increase to 772.22 nm (b). A 6,94 nm red-shift was attributed to the binding of 

polymer mixture. The mixed SAM coated nanosandwich array was then heated 

above the LCST (45ºC) and LSPR λmax was recorded to be 781 nm (c). A red-shift of 

8.78 nm was attributed to the collapse state of the temperature-responsive polymer in 

the mixed SAM. The nanosandwich arrays having the collapsed state of the polymer 

was incubated with SA (2 µM) in PBS for 30 min. The LSPR λmax was recorded at 

800 nm, yielding a red-shift of 19 nm (black peak in Figure 3.16E). The overall shift 

after all kind of modifications was 34.72 nm which was attributed to the change in 

the refractive index of the surrounding medium of the nanosandwich array because 

of specific binding of polymers and biomolecules. Here it should be noted that the 

LSPR λmax in Figure 3.16D is different when compared with Figure 3.16E owing to 

the varied thickness of nanosandwich arrays. Also the LSPR responses depend on not 

only the local refractive index but also the orientation of the linked molecules, which 

may explain the differences in the results. 

 



82 
 

 
 

Figure 3.16 (A) Schematic illustration of mixed SAM functionalized 
nanosandwiches and streptavidin detection above the LCST. Tapping mode AFM 

images of (B) Unfunctionalized and (C) 0.1mM 9:1 thiol and terminated 
polymer/EZ-Link HPDP-Biotin. LSPR measurements of (D) (a) Unfunctionalized 

nanosandwiches, (b) Nanosandwiches after modification with 0.1 mM 9:1 thiol 
terminated polymer / EZ-Link HPDP-Biotin, (c) Functionalized nanosandwich arrays 

after modification with SA (2µM) (E) Unfunctionalized nanosandwiches, (b) 

Nanosandwiches after modification with 0.1 mM 9:1 thiol terminated polymer / EZ-
Link HPDP-Biotin, (c) Nanosandwich arrays were obtained by coating 9:1 mixed 
SAM after heating above the LCST, and (d) Functionalized nanosandwich arrays 

after modification with SA (2µM). 
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The binding of SA onto the mix SAM (thiol-terminated polymer and EZ-Link 

HPDP-Biotin) functionalized surface was also quantified by SPR (Figure 3.17). The 

reference signal was obtained by DI water injection. Mixture solution (polymer: EZ-

Link, 9:1) was injected to chip surface several times till the saturation point. After 

each injection the chip surface was rinsed with DI water. SA solution (2 µM) was 

then injected to the modified chip surface at 25 °C. The binding event between 

streptavidin and biotin did not occur due to the expanded coil state of the 

temperature-responsive polymer at 25 °C. The chip surface was rinsed with DI water 

(25°C). To increase the surface temperature, heated DI water was injected to the chip 

(above LCST). The SA solution was then injected to the surface till the saturation 

point. After each injection the modified surface was rinsed with heated DI water. The 

ΔRIU was calculated as 0,00046 RIU. The sensogram in Figure 3.17 represents the 

binding event and proved that the binding occurred only at high temperature (above 

the LCST). Surface thickness was calculated based on SPR analysis according to the 

literature.221 The total thickness value was obtained as 8,17 nm. Surface covarage 

was also calculated to be as 3,692x1013 SA molecules/cm2 surface. The working area 

of the Nanodev SPR device was 3,14cm2. According to this, 1,16x1013 SA molecules 

were adsorbed to the chip surface. 
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Figure 3.17 Bioaffinity binding between streptavidin and mixed SAM (polymer+EZ-
Link) below and above LCST. (a) DI water injection below LCST, (b) mixed SAM 
(polymer: EZ-Link, 9:1) injection, (c) SA injection and (d) DI water injection above 
LCST. Flow rates were, respectively, 100 µL/min, 20 µL/min, 20 µL/min and 100 

µL/min. 
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3.6 Optical Analysis of Gold Nanorods with Different Aspect Ratio 

 

In this part of the thesis the gold nanorods (GNRs) and their conversion to 

particles and bubbles were characterized using different techniques such as UV-Vis, 

Surface Enhanced Raman Scattering (SERS), SEM and AFM. GNRs exhibited 

specifically two absorption peaks. The first one was transverse absorption peak 

which was related to the diameter of NRs. The second one, i.e. longitudinal 

absorption peak, was caused by the length of NRs. Figure 3.18C shows the UV-Vis 

spectra of GNRs with different aspect ratio. The effect of AgNO3 solution can also 

be seen in Figure 3.18C. The first peak, transverse plasmon band, was approximately 

observed at 530 nm and the position of peak was the same for all experiments as all 

of the GNRs were prepared following the same procedure. The second peak, the 

longitudinal plasmon band indicates the formation of GNRs. The second peak shifted 

from 680 to 780 nm. The longitudinal plasmon band red-shifted and its intensity 

increased by increasing the silver concentration. 
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Figure 3.18 A and B represent the SEM and AFM images of GNRs on silicon 

substrate. From the SEM image, the size of GNRs was determined to be 10 nm in 

diameter and 35 nm in length. The AFM image shows the size of NRs to be 20 nm in 

diameter and 80 nm in length. These sizes were larger than the ones calculated from 

SEM images. This was due to broading effect of AFM tips and CTAB effect on 

AFM image. As seen in AFM image, the rods were all surrounded by CTAB layers. 
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Figure 3.18 (A) SEM image of GNRs. (B) Tapping mode AFM 
image of GNRs. (C) UV-Vis spectra of GNRs prepared with different 

aspect ratio. 
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3.7 Gold Nanorod Preparation with Nitrogen Gas 

 

The effect of various gases was investigated in the synthesis of GNRs to record 

possible changes in optical property. In this series of experiments the GNRs were 

converted to GNPs by applying N2 gas in the seed and also growth solutions. 

Different nanostructures exhibited varying optical properties owing to their shapes.  

 

 
 

Figure 3.19 (A) UV-Vis spectrum of GNRs after treatment with N2 gas. (B) SEM 
image of GNRs after treatment with N2 gas. (C) Enlarged image of (B). 

  

 In Figure 3.19A, LSPR spectrum show that the absorbance value of 

longitidunal peak is close to transverse peak. The amount of particles increased in 

growth solution when N2 gas was flowed through the reaction. Figure 3.19B and 

3.19C are SEM images of GNPs that were produced from GNRs treated with N2 gas. 
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Here, in this experiment it should be mentioned that the amount of the N2 gas flow 

was very small. This result indicated that the gas molecules may prevent the growth 

process of the NRs by halting the CTAB. In Figure 3.19B,   hexagonally close-

packed lattices of GNPs were observed between the GNRs. This formation can be 

clearly seen in Figure 3.19C. The reason for these may be attributed to the applied 

gas velocity. 

 

 By increasing the velocity and amount of N2 gas in both seed and growth 

solutions, the particle formation and the number of particles dramatically increase 

due to the conversion of NRs to the particles. Figure 3.20A illustrates the LSPR 

spectra with two blue and red peaks. The red peak indicates the gas flow through 

both seed and growth solution concentrated twice of the solutions used for NR 

syntheses. The first peak was measured to be 520 nm which was indentical for 

nanoparticle formation. The second peak was measured to be 820 nm which 

demonstrated that a small amount of GNRs still existed in solution. The increase in 

the seed solution concentration together with N2 gas led to a dramatic increase in the 

amount of particles which were converted from NRs. The blue LSPR spectrum 

clearly shows a single peak at 520 nm without having a peak causing from the 

presence of NRs. SEM images in Figure 3.20C and 3.20D revealed that the 

formation of only nanoparticles. A very small amount of NRs can still be seen in the 

solution but they are at a negligible amount to have any optical response as can be 

seen in blue spectrum in Figure 3.20A. 
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Figure 3.20 (A) UV-Vis spectra of GNRs treated by N2 gas. (B) SERS spectra of the 

same samples A red and blue. (C) SEM image of the nanoparticles and nanorods 

corresponding to red curve. (D) SEM image of nanoparticles corresponding to blue 

curve. 

 

 Figure 3.20B displays a SERS spectra from gold nanorods treated with N2 

gas. The spectra were taken with an excitation wavelength of 532 nm, which is well 

matched to the LSPR of NRs. The band at 1070 cm-1 corresponds to the C-C bonds 

in the alkyl chain of surfactant. The 1445 cm-1 band is due to CH2 scissor modes that 

are present only along the alkyl chain for CTAB. The band at 2875 cm-1 owing to 

CH2 and CH3 vibration modes were strongly observed compared to the other 

peaks.222 

 
 



90 
 

3.8 Gold Nanorod Preparation with Argon Gas 

  
                                           

The effect of gas type on the conversion of GNRs to nanoparticles was also 

investigated to see whether the conversion was due to nitrogen or not. In this 

experiment, the argon (Ar) gas was used instead of N2. The result of this experiment 

was the same with the result obtained from the experiment performed with N2. 

Figure 3.21A shows the absorption spectra of this experiment. From the spectra one 

can clearly observe the strong peaks which were due to low and high Ar gas 

pressure. Single absorption band was observed in the blue spectrum whereas the red 

spectrum (belonging to the experiment performed under high pressure) had two 

absorption bands. The λmax of the absorption peak in the blue spectrum was found to 

be 530 nm. Single absorption band was an indication of GNPs. Figure 3.21B and 

3.21C display SEM images of GNPs, confirming the LSPR results.  
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Figure 3.21 (A) UV-Vis spectra of GNPs according to single step synthesis prepared 
under low and high pressure Ar. (B) SEM image of particles under low presssure. 

(C) Enlarged image of (B). 

 

3.9 Conversion of Gold Nanorods to Semi-shell and Bubbles 

  
 

In this part of the experiments performed under gas flow, nanoshells and 

nanobubbles were produced using nitrogen gas. In these experiments, nitrogen gas 

flow rate was higher than the rate used for conversion of rods to particles. 
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Figure 3.22A gives UV-Vis absorption spectraum of semi-shells formed from 

NRs. The absorption peak was measured to be 520 nm. A small shoulder in the 

spectrum was observed at approximately 800 nm which may be due to NRs. 

 

Figure 3.22B displays SERS spectrum of semi-shells. The spectrum was 

taken with an excitation wavelength of 532 nm, which was well matched to the 

LSPR of semi-shell. The band at 1070 cm-1 corresponded to the C-C bonds in the 

alkyl chain of surfactant. The 1445 cm-1 band was due to CH2 scissor modes that 

were present only along the alkyl chain for CTAB. In the SERS spectrum, extra band 

can be seen at 589 cm-1. This band arises from Si substrate. The band at 2875 cm-1 

owing to CH2 and CH3 vibration modes were strongly observed compared to the 

other peaks.  
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Figure 3.22 (A) UV-Vis spectrum of semi-shells, seed solution was prepared 
under N2. (B) SERS spectrum of semi-shell. (C) SEM image of face off 

semi-shells, (D and E) low and high magnification of face up nanoshell. (F) 
Model of the semi-shell. 
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A series of SEM images with low and high magnification illustrate the 

conversion of NRs to nanoshells. Two packings of semi-shells can be observed from 

the images. One shows that the semi-shells are seated face-up onto silicon substrate. 

Figure 3.22C shows the high resolution image of the face-up semishells. Figure 

3.22D and 3.22E are low and high magnification of face up semi-shells. The highest 

resolution clearly shows the semi-shells wall occupied with NRs and NPs (Figure 

3.22E).  

 

The nitrogen gas introduced to all processes in the NRs sysnthesis to 

understand why the bubbles or semi-shells are developed after gas treatment. For this 

a series of control experiments were run and the results are given in this section.  
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Figure 3.23 Control experiments for gas treatment. 

 

The control experiments show in Figure 3.23 revealed the effect of gas 

treatment at each stage of GNR synthesis. First, N2 gas was applied only to auric acid 

solution (Figure 3.23A). From the image there is no evidence of any bubble or semi-

shell formations. Second, sodium borohydride were taken under N2 gas, as seen in 

the Figure 3.23B and again no bubble shape or other formation found in the image. 

In Figure 3.23C and 3.23D CTAB and CTAB/ auric acid mixture were reacted with 

N2 gas, respectively. In both images no bubbles either semi-shells observed. In the 

last control experiment sodium borohydride and CTAB mixture were taken under N2 
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gas and no evidence of any bubble or semishell formation was observed. As a 

conclusion for this part, the bubble and semi-shell can be produced only during 

nanorods synthesis.  

 

It can be speculated that during NRs synthesis CTAB molecules act like 

bridges between hydrophobic gas bubble and negatively charged gold seeds leading 

to formation of gold nanoshells at low gas flow and nanobubbles at high gas flow 

rate. 

 

Figure 3.24 demonstrates LSPR spectrum and SEM images of nanobubbles. 

In LSPR spectrum, two peaks appear at 530 nm and 750 nm. The peak at 530 nm is 

due to well known GNP in UV-Vis region. A peak at 750 nm indicates that the 

GNRs still exist in the solution, but these NRs are encapsulated inside the bubbles as 

shown in SEM images. The SEM image in Figure 3.24B demonstrated the bubbles 

with diameters ranging between 200-500 nm. The surface of particles seems to be 

like the CTAB micelles grown with nitrogen gas. When these particles are under 

electron microscope for at least 1 minute the bubbles get transparent probably due to 

the burning of CTAB molecules (Figure 3.24C and 3.24D).  
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Figure 3.24 (A) UV-Vis spectrum of gold nanobubbles, seed solution was prepared 
under N2 gas. (B-D) SEM images of nanobubbles. 
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3.10 Conjugation of Gold Nanorods with Nanodots Arrays 

 
 

GNRs exhibit wellknown affinity to thiol compounds. The only (111) face of 

the GNRs are easily utilized by alkanethiols for formation of SAMs or other 

biological molecules. The formation of alkanethiol SAM leads to a red-shift of the 

plasmon in which the peak is due to the changes in refractive index at the surface of 

the GNRs.223 Figure 3.25A illustrates the LSPR spectra of nanorods suspension 

before and after interaction with mix SAM (which is composed of 9:1 decanethiol 

(DT): EZ-Link HPDP-Biotin). The longitudinal peak shifts from 696 nm to 707 nm 

while the transverse peak remains at ̴ 520 nm. After functionalization, plasmon peak 

shows a significant move through the red region of 8-11 nm that may be due to the 

mix SAM formation. 

  

 
 

Figure 3.25 (A) LSPR spectra of (a) unfunctionalized and (b) functionalized GNRs. 
(B) SEM image of functionalized GNRs. 

 
The SEM image of the GNRs coated with mix SAM is illustrated in Figure 

3.25B. From the image it is clear that the mix SAM bound to the NRs, which is in 

good agreement with the LSPR measurement. 

 

This final section of the thesis show how a nanoscale mechano-optical device 

can be produced by the process of chemical self-assembly. The device that envisaged 
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will consist of multitude of nanoscale rods of gold that can be raised or lowered in 

response to an external stimulus. The actuator for this movement will be a 

conformation-changing responsive polymer. The movement of the rod will cause the 

optical properties of a surface change. The basic experiments were performed here in 

this thesis and will be continue for future work. Here, we demonstrated that the 

GNRs can be attached to triangle nanodot arrays with organic molecules. The same 

proccess will be repeated with temperature responsive polymer instead of organic 

molecules in future work and is not covered in this thesis. 

 

Figure 3.26A represents the schematic structures of GNRs after 

functionalization with SAM, followed by the binding to nanodots arrays which were 

modified with mixed SAM and SA molecules. The LSPR spectra presented in Figure 

3.26B display that the shifts observed with the unfunctionalized and functionalized 

Au nanodot arrays. LSPR λmax of the unfunctionalized Au nanodot array was 

measured to be 698.6 nm (a). After incubation of the nanodots with mixture of 9:1 

DT and EZ-Link HPDP-Biotin (0.1 mM) for 24 h, the LSPR analysis showed a λmax 

of 712.5 nm (b). A red-shift of 13,9 nm was attributed to the binding of the mixed 

SAM to nanodot array. After the nanodot arrays coated with the mix SAM, the 

sample was incubated with SA (2 µM) for 30 min and the LSPR λmax was measured 

to be 731.94 nm, yielding a red shift of 19,44 nm (c). On the other hand, GNRs were 

incubated in the mixed SAM solution for 24 h. After 24 h, the functionalized 

nanodots substrate was incubated wih the thiolated GNRs using streptavidin as linker 

and the LSPR λmax was recorded at 745,83 nm (d). The overall shift after 

modifications was 47,23 nm which corresponded to the change in the refractive 

index of the surrounding medium of the nanodot arrays due to the linked 

biomolecules.  The SEM and AFM images in Figure 3.26C and 3.26D, respectively 

show the binding of GNRs to nanodots arrays through linker molecules. 
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Figure 3.26 (A) Schematic illustration of the binding event of (a) mixed SAM (DT+Ez-
Link biotin) , (b) streptavidin (SA) and (c) mixed SAM functionalized GNRs on nanodot 
arrays. (B) LSPR spectra of the modified nanodot arrays with functionalized GNRs. (C) 
SEM and (D) AFM images of the modified nanodot arrays with functionalized GNRs. 
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4 CONCLUSION 

 
This thesis reveals that nanoparticles in the form of triangle nanosandwiches 

prepared using natural lithography or in the form of nanorods/nanobubbles prepared 

by wet chemistry have important optical properties and that the enhanced sensitivity 

of their surrounding environment can be used as a new class of optical sensors using 

Localized Surface Plasmon Resonance (LSPR) spectroscopy and Surface Enhanced 

Raman Scattering (SERS). 

The major findings of the work are summarized below:  

The nanostructures with single or multilayers before and after treatment with 

polymeric materials and biological macromolecules were initially analyzed using 

different techniques. The principle of nanostructure preparation by nanosphere 

lithography was illustrated and explained. The nanoparticle arrays were used as a 

mask for deposition of the noble metals and inorganic compounds such as Au, Ag, 

Al2O3 and HfO2. 

The temperature-responsive polymers were used to control over biomolecular 

recognitions by slight temperature changes. This would allow the detection of 

different biomolecular recognition events on nanostructure arrays to be differentiated 

by changing the temperature of the environment. 

The functionalisation of 20 nm Au / 20 nm Al2O3 / 20 nm Au or 20 nm Au / 

20 nm HfO2 / 20 nm Au nanosandwiches with thiol and phosphate terminated 

polymers, or thiol terminated polymer and allyltriethoxy silane (ATES), respectively, 

were analyzed by LSPR and Atomic Force Microscopy (AFM). From the LSPR 

measurements it was observed that both Au, Al2O3 and HfO2 layers of 

nanosandwiches were successfully modified with thiolated and phosphonated 
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polymers and ATES, respectively, as indicated by significant red-shifts of the λmax 

values. The presense of polymers and ATES at the surrounding of nanosandwiches 

was also verified by AFM images of nanosandwiches. It was also shown by SPR 

experiments that phosphonated polymer and ATES do not bind to Au layer, proving 

that there is no cross-binding of these compounds to Au layer of nanosandwiches.  

The 20 nm Au / 20 nm Al2O3 / 20 nm Au nanosandwiches were then 

functionalized with the mixed SAM of thiol terminated polymer and EZ-Link HPDP-

Biotin (9:1). The binding of streptavidin to the mixed SAM below and above the 

Lower Critical Solution Temperature (LCST) of the polymer was analyzed by LSPR 

and AFM. The data showed the efficient binding of the protein to the 

nanosandwiches above the LCST while there was no binding below the LCST. As 

expected, the temperature-responsive polymer actuator inhibits the binding of protein 

due to steric hindrance effect when the temperature was below LCST. AFM images 

supported the data obtained by LSPR.  

The gold nanorods, nanoparticles and nanobubbles were prepared using various 

gases flow, and characterized by different techniques such as UV-Vis, SERS, SEM 

and AFM. By increasing the velocity and amount of nitrogen gas in both seed and 

growth solutions of nanorods, the conversion of nanorods to nanoparticles increases. 

Different nanostructures exhibited varying optical properties owing to their shapes. 

Finally, the gold nanorods conjugated with nanodots arrays for development of a 

nanoscale mechano-optical device. 
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5 FUTURE WORK 

 

 

In this thesis, three polymers with thiol, phosphate and silane end group were 

bound to the nanosandwiches and investigated in detailed by various techniques. 

This work which was a part of TUBITAK (PROJECT NO:110T759) funded project, 

can be continued by binding to the nanosandwiches different end functionalized 

polymers and biomolecules for real-life biosensor applications required in medical, 

environmental or agricultural areas.  

 

The nanorods with various aspect ratios were prepared in this thesis together 

with conversion of these rods to bubbles and semi-shell. The work can be continued 

for applications of these encapsulated nanorods in the bubbles/semishells for cancer 

treatment and targeting. The work related to mechno-optical device that was 

performed in the last section of this thesis can be continued by attaching gold 

nanorods to triangle nanodots arrays using temperature responsive polymers as 

linkers for temperature controlled for mechano-optical devices. 
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