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Abstract 

The aims of this study are to first immobilize positively charged gold nanorods to negatively 

charged cell culture surfaces. Second, to use polyelectrolytes for controlling the distance between 

gold nanorods and fluorophores. This is used to optimally determine the distance, of which 

maximum fluorescence enhancement is achieved, between gold nanorods and fluorophores. In 

order to approach these aims, we use UV/VIS absorption spectroscopy, fluorescence spectroscopy, 

atomic force microscopy, and ellipsometry. The results show that we could control the 

immobilization of gold nanorods on plastic microwell plates and create reproducible 

polyelectrolyte layers, in order to control the distance between the gold nanorods and fluorophores.  

In addition, the localized surface plasmon resonance wavelength red shifted as the PELs increased. 

In conclusion, we found that the maximum fluorescence enhancement of the fluorophores (Cy7) is 

about 2.3 times at a fluorophores-nanoparticles separation of approximately 9-12 nm. This work 

contributes some research information towards the design of optical biochip platforms based on 

plasmon-enhanced fluorescence.  
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Abstract 

The aims of this study are to first immobilize positively charged gold nanorods to negatively charged 
cell culture surfaces. Second, to use polyelectrolytes for controlling the distance between gold nanorods 
and fluorophores. This is used to optimally determine the distance, of which maximum fluorescence 
enhancement is achieved, between gold nanorods and fluorophores. In order to approach these aims, 
we use UV/VIS absorption spectroscopy, fluorescence spectroscopy, atomic force microscopy, and 
ellipsometry. The results show that we could control the immobilization of gold nanorods on plastic 
microwell plates and create reproducible polyelectrolyte layers, in order to control the distance between 
the gold nanorods and fluorophores.  In addition, the localized surface plasmon resonance wavelength 
red shifted as the PELs increased. In conclusion, we found that the maximum fluorescence 
enhancement of the fluorophores (Cy7) is about 2.3 times at a fluorophores-nanoparticles separation of 
approximately 9-12 nm. This work contributes some research information towards the design of optical 
biochip platforms based on plasmon-enhanced fluorescence.  
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Abbreviations and explanations 
 
 

AFM                           Atomic Force Microscopy 

Arb.u.                           Arbitrary Units 

CTAB               Hexadecyltrimethylammoniumbromide 

CyDye                 cyanine dye 

DMSO                      Dimethyl sulfoxide 

DNA                 deoxynucleic acid 

LSPR               Localized Surface Plasmon Resonance 

MWCO              molecular weight cut off 

NHS                     N-Hydroxy-succinimid 

NIR                  Near Infrared 

NPs          Nanoparticles 

OM                                     Optical Microscope!

PAH                      poly (allylamine hydrochloride) 

PE              Polyelectrolyte 

PELs                     polyelectrolyte layers 

PSS                         poly (sodium 4-styrenesulfonate) 

PEF                Plasmonic Enhanced Fluorescence 

SE                          Spontaneous emission 

TEM          Transmission Electron Microscope 

UV/Vis              Ultra Violet/Visible spectroscopy 

!res                            Resonance peak wavelength  
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1 Background 

 
1.1 Introduction 

In recent years, the interest in using metallic nanoparticles (NPs) has increased significantly, and they 
have been used in a wide range of applications in physics, chemistry and biology. These nanoscale 
metallic particles are promising, especially noble metals such as gold and silver, because of their 
unique optical properties such as surface plasmon. Localized surface plasmon resonance (LSPR) is a 
collective electron charge oscillation in nanometer-sized metallic particles when excited by light with a 
certain frequency [1]. Since the LSPR takes place on the boundary of metal and external medium, these 
oscillations are very sensitive to any change to this boundary, such as changing shape, size or 
surrounding environment to the metal surface [2]. 
Fluorescent probe has become one of the dominant sensing technologies in medical diagnostics over 
the past decade. Although it is a very sensitive technique, it suffers from several disadvantages, such as 
particularly poor photostability, low emission intensities, and low quantum yield of the fluorophores. 
Its applications in advanced biomolecule studies are limited. Therefore, it is crucial to create a capable 
set of fluorescent probe with improved photostability and higher emission rates to advance studies of 
single biomolecule function [3]. 

During the interactions of the excited-state fluorophores with noble metallic surface plasmons, coherent 
electron oscillations, which give favorable effects to the fluorophores, emit higher rate of radiative 
emission. This method is called the “Plasmonic Enhanced Fluorescence” (PEF), a promising technique 
that can be used to increase sensitivity and detection limits for fluorescent probe sensing [4].  

Since the last decade, the synthesis of metal nanoparticles (NPs) has become more mature in 
controlling the shape, and the size. In this thesis, gold nanorods  (GNRs) have been used to facilitate 
the fluorescence process by increasing radiative decay rate during the process. When the distance 
between fluorophores and the metal is above 5nm, an interesting coupling interaction between the 
fluorophores and the enhanced electrical field nearby the metal structure occurs, resulting in enhancing 
both excitation and radiative emission rates. These optical enhancements improve fluorescence 
detection and imaging schemes [5]. However, when the distance between fluorophores and the metal is 
too close (less than 5 nm), the fluorescence is quenched [6].  

To study how the distance between fluorophores and GNRs optimizes the fluorescence enhancement, 
two opposite charged polyelectrolytes were used to separate the GNRs from the fluorophores. A 
negatively charged poly-sodium-4-styrenesulfonate (PSS), and a positively charged poly-allylamine 
hydrochloride (PAH) are used as the spacer between fluorophores and GNRs. Layer-by-layer (LBL) 
assembly of each polyelectrolyte gives rise to nanoscale control over the GNRs-based architecture [7].  
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1.2 Aim of the project 

The aim of the project is to determine the optimal distance between plasmonic GNRs and fluorophores, 
when the maximum fluorescence enhancement is achieved.  

Furthermore, by using different fluorophores (Cy5, Cy7) to determine, which gives a better match 
to the GNRs' LSPR, and hence, influences the PEF effect.  
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2 Theory  

2.1 Fluorescence 

Fluorescence is the emission of electromagnetic radiation lit by a substance that has absorbed radiation 
of a certain wavelength. This wavelength is never the same as the emission wavelength. In most cases, 
the energy of the absorption light is larger than that of the emission of light with a longer wavelength. 
The different energy between the absorbed and emitted photons is due to the non-radiative decay, such 
as heat. Fig. 2.1 is an electronic-state diagram illustrating the fluorescence process:  

 

 
 

Figure 2.1: the energy level diagram illustrating the three processes of fluorescence emission 
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Excited electronic state is initiated by optical absorption (process1), and fluorescence emission occurs 
when an orbital electron of a molecule, atom or nanostructure relaxes to its ground state by emitting 
a photon after being excited to a higher energy state (process3). It can be written as:  

Excitation:    S0 + hvex ! S1                          (2.1) 

Fluorescence (emission): S1 ! S0  + hvem + heat +…      (2.2) 

hv is photon energy with h = Plank constant and ! = frequency of light. State S0 is called the ground 
state of the atom, and S1 is called the first excited state. Photon energy hvex is provided by an external 
light source that excites the electron to the S1 state.  

There are different energy dissipations from excited state to ground state. They can be briefly 
distinguished into radiative relaxation (r), like fluorescence, and non-radiative relaxation (nr), such as 
heat (vibrations or rotation). Excited electrons stay in the excited state S1

’ and exist during a limited 
time, which is called lifetime. After this period of time, part of the energy relaxes by non-radiative 

relaxation (nr) to a lower energy level of excited state S1 (process2). From state S1 is when the 
emission starts to occur. Photon energy hvem is emitted so that the fluorophore atom returns to its initial 
energy state S0. The energy of the emitted photon is usually lower than the excitation energy. Therefore, 
the emitted photon wavelength is longer than the excitation source. The energy difference is called the 
Stokes shift, and it is determined by (hvex "hvem). In addition, the fluorescence quantum yield is the 
ratio between the number of fluorescent photons emitted and the number of photons absorbed.  

The fluorescence lifetime refers to the average time the molecule stays in its excited state before 
emitting a photon (process2 in figure 2.1). Fluorescence typically follows first-order kinetics: 
 
[S1]=[S1]0 e

!"t              
(2.3) 

Where [S1] is the concentration of excited state atoms at time t, [S1]0 is the initial concentration, 
and " is the decay rate of the fluorescence lifetime. This is an exponential decay. Different radiative 
and non-radiative processes can decrease the excited state concentration. The total decay rate is the sum 
of two different decay rates: 

!tot = !rad + !nrad            (2.4) 

Where "tot is the total decay rate, "rad is the radiative decay rate, and "nrad is the non-radiative decay 

rate. According to (2.3), the shorter the lifetime t, the larger the total decay rate !tot.  

The quantum efficiency (QE) reflects a competition between radiative decay and non-radiative 
processes. It is defined as below: 

      (2.5) 
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2.2 Metal Nanoparticles 

2.2.1 Optical properties of metal nanoparticles 

The free electrons in metal (d electrons in silver and gold) are free to move through the material. The 
mean free path in gold and silver is about 50 nm [8], and in particle size that is smaller than this, surface 
is the dominator of the particle. Thus, all opto-electoral interactions happen on the surface. 
Furthermore, as long as the external electromagnetic field carries certain frequency, resonance 
oscillation takes place with the electrons. 

2.2.2 Localized Surface Plasmon Resonance 

Since the resonance oscillation happens on the surface, it is referred to as surface plasmon resonance 
(SPR). SPR is usually further categorized in two different plasmon modes; propagating surface 
plasmons that take place on planar metal films and localized surface plasmons (LSPR) that refers to 
collective electron charge oscillations in metallic NPs with excited light. In practice, the SPR sensor 
needs a sensing area of at least 10#10 µm. On the other hand, a sensor based on LSPR can have 
thousands of sensing elements on the same area, which significantly increases the sensing resolution [9]. 
This work only focuses on the LSPR sensor.  

2.2.3 Plasmonic Gold Nanorods 

The aspect ratio (long axis/short axis) of metal nanorod affects optical properties. There are two 
different modes of plasmons resonance in metal nanorods. They are the transverse and longitudinal 
mode. The transverse surface plasmon is an electronic oscillation across the width of the rod (see figure 
2.2). The absorption maximum position is located at ~ 520 nm. The second adsorption maximum is 
usually larger than 600 nm. It is due to the longitudinal plasmon oscillations in the long side of the rod, 
and can be tuned by varying the length of the nanorods [10].  

The longitudinal resonance is more surface-sensitive than the transverse mode, and the resonance 
wavelength red shifts when the dielectric constant of the surrounding environment increases [11]. The 
magnitude of both the longitudinal and the transverse resonance peak increases when the dielectric 
constant of the surrounding media is increased [12, 13].  
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Figure 2.2 Transverse oscillations and longitudinal oscillations of GNRs’ LSPR 
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2.3 Plasmon Enhanced Fluorescence  

Plasmon enhanced fluorescence [14-16] is a phenomenon that occurs when a fluorescent molecule 
interacts with a metal nanoparticle or a structured metal surface. Due to the occurrence of LSPR in 
metal NPs or structured metal surface, the photon emission from the fluorophore is enhanced. The 
enhancement effect is influenced by several different parameters such as metal, particle size and shape, 
distance between fluorophore and metal NPs (which will be referred to as the metal from now on). 

Fluorophores that are close to the metal are exposed to a nearby strong local field. However, one 
drawback with exciting fluorescence molecules near the metal is quenching, which leads to a reduction 
in the fluorescence intensity. Quenching means that the fluorescent energy from the excited atom is not 
emitted as a photon, but instead the coupling of different phenomena (such as heat and surface waves). 
The fluorescence energy loss depends on the distance between the metal, and is characterized by 
Föster- like quenching with a rate kq 

[17].  

Once the fluorophore is positioned resonance distance to the metal, it will show fluorescence 
enhancement compared to free fluorophore with an introduced radiative decay rate #m. In the process of 
the absorption, more fluorophores are excited by localized metal (m) plasmons with Em field, so called 
the “lighting rod effect” [18]. This effect gives rise to an effective increase in the fluorescence signal that 
means more photons will be detected by the detector.  

The enhancement happens when fluorophores are positioned with a separation from the metal. This 
separation is used to avoid fluorescence quenching. The term (2.5) quantum efficiency (QE) can be 
modified in the presence of metal (m): 

!

 

      (2.6)  
 
 
From (2.6) by introducing LSPR, the non-radiative rate #nrad is reduced, and an extra radiative decay 
rate #m is induced. Therefore, QEm becomes larger than QE in the presence of metal. In Figure 2.3 (a) 
and (b), the QE and QEm are illustrated by classical Jablonski diagram, which shows the parameters 
that are participating in metal-assisted fluorescence process.    
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Figure 2.3: (a) the energy level diagram illustrating the process of fluorescence emission in the absence of metal. Only 
radiative rate #rad   and non-radiative rate #nrad are taking part in the fluorescence process. (b) In the presence of LSPR, metal 

enhanced excitation field Em, radiative rate #m, and quenching rate kq are additionally involved in the fluorescence process. 
 
 

In summary, the metal acts as an extra excitation source that means that in the presence of the metal 
fluorophores feel more exciting light compared to free fluorophores. Therefore, fluorophores result in 
emitting more photons per unit time when they are positioned within the range of LSPR field Em. In 
addition to distance dependence, the degree of fluorescence enhancement depends on the spectral 
overlap between the LSPR mode and the dye absorption and emission along with the local field 
enhancement properties of the metal [19]. 
Moreover, an additional radiative rate results in an increase in the total radiative decay rate. However, if 
a dye has a very high quantum yield (approximately 1), the additional radiative decay rate would not 
dramatically increase the quantum yield. The more interesting case is for low quantum yield 
fluorophores.  
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3 Materials and Methods  
 
3.1 Overview of the system  

There are four main procedures in the experimental setup. A polymer-based microwell plate, used for 
cell culture with a negatively charged surface is used as a substrate. First CTAB-coated GNRs, which 
has a positive charge due to the amine group in the stabilizing surfactant CTAB, are immobilized in the 
wells in the plate. Then polyelectrolytes are deposited using Layer-By-Layer methods to control the 
distance between GNRs and fluorophores. The last step is to deposit a polyelectrolyte layer with 
conjugated fluorophores as the top layer. How distance influence PEF effect between GNRs and 
fluorophores by introducing a spacer is investigated, as shown in figure 3.1. 

 

 
   
Figure 3.1 An Imaginary picture illustrating the system. Only the photo of the 96 well optical bottom plate is taken from 
real object. 
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3.2 Synthesis of gold nanorods  
(Dr. Richard Becker, Chemistry, IFM, did all of the GNRs synthesis.)  

GNRs with aspect ratio of around 2.7 are mainly used in this project.  They are synthesized by a simple 
seed-mediated method. Cationic ammonium surfactants are used as the directing agent in the synthesis 
of GNRs in aqueous solutions, and the most widely used surfactant is cetyltrimethylammonium 
bromide (CTAB). However, the CTAB-directed growth mechanism is not yet completely understood. 
Since both the adsorption of the surfactants to the GNRs’ surface and the binding of the complex ions 
to micelles involve the surfactant head group, it is expected that a change of the head group will alter 
the growth behavior of GNRs [20]. 

First, a gold nanoparticle seed solution is prepared by adding 0.024 ml of an ice-cold solution 
of 0.01 mM sodium borohydride (NaBH4) to 2 ml of 0.5 mM gold chloride solution (HAuCl4) 
prepared in 2 ml, 0.2 M CTAB solution under vigorous stirring. The yellow color changes immediately 
to brown, indicating the formation of gold nanoparticle seeds. Stirring continues for 10 more minutes. 
This seed is used for the synthesis of gold nanorods. Then, the following solutions are added in 
the following order: 450 mL of 0.2 M CTAB solution and 450 ml 0.5 mM HAuCl4 put in a water bath 
(25°) to dissolve the CTAB. After that, 18 ml 4 mM of silver nitrate solution (AgNO3) is added and 
4.95 ml 0.1 M ascorbic acid. Then 1.8 ml of the seed solution is added and kept in water bath without 
stirring for 2-3 hours.  The violet-brown-colored gold nanorod solution prepared was further 
centrifuged to remove excess CTAB (3 times at speed: 10 000 rpm, 20 min each). 

 
Figure 3.2 TEM images of GNRs (Taken by Dr. Richard Becker) 
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3.3    Materials   

3.3.1 Substrate  

Three substrates are used: Silicon, Zeonor, and polymer-based polystyrene microwell plate [21].  

3.3.2 Chemicals  

The fluorophores: Cy5, Cy7, and polyelectrolytes: PAH, PSS are used in this project.  

 

3.3.2.1 Polyelectrolyte  

Polyelectolytes (PEs) are polymers whose repeating units carry an electrolyte group. These groups can 
dissociate in water, allowing the polymer to be charged.  

PE properties are thus similar to both polymer and electrolytes (salts). Charged molecular chains, 
commonly present in soft matter systems, play a fundamental role in determining structure, stability, 
and the interactions of various molecular assemblies. The structures of PAH and PSS are shown in Fig. 
3.3.  

PSS and PAH at concentration of 2 mg/mL, are dissolved in 0.5 M NaCl water. CTAB With Amine-
functional group, which is positively charged, for PSS to absorb on. These positively charged 
CTAB/GNRs surface were used for polyelectrolyte deposition beginning with a polyanion (PSS in the 
present case).  LBL assembly of PSS/PAH on GNRs is carried out manually. The substrates are 
immersed in a PSS solution for 10 minutes, followed by rinsing out with Milli-Q water. Then, the 
substrates are immersed again in the PAH solution for 10 minutes, followed by a wash. Multilayer 
assemblies of PSS and PAH are prepared continuously in this order. 

 

 

 
Figure 3.3 the structure of Cationic poly (allylamine hydrochloride) (PAH) and anionic poly (sodium 4 styrenesulfonate) 
(PSS) 
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3.3.1.2 Fluorophores 

Cyanine reagents have been used as fluorescent labels for biological compounds for a long time. These 
dyes are intense fluorescent and highly water soluble, providing significant advantages over other 
existing fluorophores [22].  

The Cy-dyes are fluorescent cyanine compounds that produce an intense signal and can be easily 
detected using an appropriate detection equipment. The Cy-dyes used in this project are functionalized 
with NHS-esters that provide for the labeling of compounds containing amine groups.  

Cy5 and Cy7 are used in this work. As shown in Tablet 3.5, Cy5 is fluorescent in the red light region 
(~650/670 nm) while Cy7 is fluorescent in the NIR region (~ 770 nm). And Fig. 3.6 shows a Cy5, Cy7 
absorption and emission spectra respectively.   

 

 
Figure 3.4 the structure of Cy monofunctional dye [23]  

 

 Cy5 Cy7 
Absorption max 649 nm 747 nm 
Emission max 670 nm 776 nm 

 

Tablet 3.5 characteristic peaks position of Cy5 and Cy7 [23]  
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           Figure 3.6 Cy5, Cy7 absorption and emission spectra [24] 
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3.4 Surface preparation 

3.4.1 Gold nanorod preparation and immobilization 

The factor that dominates the GNRs immobilization is the amount of CTAB present in the sample. If 
there is too much CTAB, a film of CTAB will be coated on the surface. Once the GNRs colloid is 
rinsed off, only a CTAB layer is coated on the Zenor surface or microwell plate, meaning there is 
no GNRs bounded on the surface. On the other hand, if the colloidal GNRs contain too little CTAB, the 
electrostatic repulsion is then insufficient for preventing GNRs aggregation. Upon aggregation, the 
localized surface plasmons in the GNRs disappear. Therefore, it is crucial to remove any excessive 
CTAB in order to achieve GNRs immobilization. Four times centrifugations are needed in order to 
achieve an immobilization of the GNRs to a negatively charged surface. 

The immobilization procedure is prepared by applying colloidal GNRs 100-200 µL on to a plasma 
treated Zeonor surface or at the bottom of the microwell for about 15 hours of incubation. After the 
incubation, the colloidal GNRs is rinsed with Milli-Q water, and dried with N2 gas.         

Optical absorbance spectra are recorded using a Shimadzu UV-3101-PC spectrophotometer for Zenor 
substrates, and a microwell plate reader is used to record optical absorbance spectra as well as the 
fluorescence spectra. (TECAN Safire2) 

 

3.4.2 Silicon substrate preparation 

The Si substrates are cleaned using a method called TL1. The substrates are heated to 80°C in a mixture 
of H2O2, NH3 and H2O (1:1:5) for 10 minutes, rinsed with Milli-Q water, and dried with N2 gas. This 
method removes organic contaminations from Si surface. In order to create a surface with properties 
that enable GNRs immobilization, the Si surface is coated with a layer of Zeonor.  

The thin layer of Zenor is spin-coated with a solution containing 1% Zenor dissolved in xylen on the Si 
substrate at a speed of 1500 r/s for 30 s, and 3000 r/s for 5 s. After this, a uniform Zeonor layer of about 
100 Å, determined by ellipsometry, covers the Si substrate.  

Before adding polyelectrolyte LBL on the Zeonor coated Si substrate, the surface has been 
plasmtreated for 10-20 seconds at 80 W in order to create negatively charged functional groups for 
CTAB/ GNRs to bind on. This surface (without GNRs) is used to study the thickness of each 
polyelectrolyte layer using ellipsometry measurement.   
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3.4.3 Microwell plate 

A microwell plate is a plate with multiple wells designed for small tests. The microwell plate has 
become a standard tool in analytical research in laboratories. A microwell plate typically has 6, 12, 24, 
96, etc. wells and the wells are arranged in a rectangular matrix.  

In this project, the 96-well microwell plate is used. Each well holds 200 µl of liquid. In this work, the 
surface of microwell plate is modified. A plasma discharge is used, so that the adherence of GNRs 
becomes easier, and hence, immobilization can be achieved. 

 

3.4.4 Polyelelectrolyte build-up 

Recently, polyelectrolytes (PEs) have been utilized to construct polyelectrolyte multilayers (PEMs)[25]. 
These thin films are constructed using a Layer-By-Layer (LBL) deposition technique. The technique 
has demonstrated thickness control by building up spacer layers down to a nanometer scale.  

In order to determine the distance between NPs and fluorophores, and find out the distance, in which 
maximum enhancement is achieved, two polyelectrolytes are used as the spacer. The spacer is created 
by electrostatic layer-by-layer (LBL) assembly deposition of oppositely charged PEs.   

Furthermore, CTAB is not biocompatible due to its strongly cytotoxic characteristic [26]. Since many 
biological molecules are polyelectrolytes such as DNA and polypeptides (thus all proteins), PELs here 
are used as shields, so that GNRs become biocompatible for biosensing [27].  
 
A schematic representation of the buildup of a PEs at the molecular level is shown in Fig 3.7 positively 
charged substrate adsorbs PSS and PAH consecutively. In the outmost layer (PSS in this case), PAH 
conjugated fluorophores are adsorbed.    

By adding different numbers of PSS/PAH layers controls the thickness of the PE multilayer. The first 
adsorption PAH conjugated fluorophore adsorbs directly onto CTAB/GNRs surface to obtain the probe 
layer with near 3 nm-separation (1 PSS+ 1PAH) from the CTAB/GNRs surface (includes PAH itself 
who conjugated with free fluorophores). Subsequently, to get a spacer with a precisely controllable 
thickness distance from the surface, deposition needs to modify the number of PSS/PAH layers. Each 
bilayer of the PSS/PAH assembly adds a distance of about 3 nm. Subsequently, adding layers of 
PSS/PAH results in spacers on CTAB/GNRs surface with distances of approximately 3, 6, 9, 12…nm, 
respectively.  
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Figure 3.7 Schematic representation of the LBL assembly by adsorption of PSS and a PAH. Inserting different numbers of 
PSS/ PAH layers varies the thickness of the spacer. In the final layer, the PAH layer conjugated with fluorophores is 
adsorbed. 

 

 

3.4.5 Fluorophore conjugation  

Fluorophores are prepared by reconstituting the as-brought CyDye powder in anhydrous polar solvent 
Dimethyl sulfoxide (DMSO). About 100 µM of as-prepared free fluorophore is mixed 1:1(volume) 
with PAH dissolved in 0.5 M NaCl water at a concentration of 20 mg/mL. The solution is allowed to 
interact for 3 hours. The 3-hour-interaction (exothermic reaction) is to let the as-prepared free 
fluorophore, which supplies NHS-esters, conjugate with PAH which carried Amine group. The 
conjugated fluorophores will finally be on the upmost of the GNRs-base architecture. The more 
complete the conjugation between free fluorophores and amine group of PAH is, the easier the control 
of the fluorophores. This allows the flurophores to stay at the upmost layer of the GNRs the GNRs-base 
architecture. The maximum theoretical conjugation yield was calculated to 28 % (fluorophore to 
polymer).!The real yield of the conjugation is not estimated!in this project. 

Centrifugation is used to filter out excessive free fluorophores through the following steps: 

  

Setep1: A centrifugal filter tube (10 K MWCO) is filled with 500 $l of the PAH–fluorophore mixture.  
Step 2: Assembled concentrator is added into a centrifuge with a rotor. A speed of 4000 rpm was 
applied for 30 min.  

Step 3: Keeping 100 $L of graduations and adding NaCl buffer up to 500 $L, then centrifuge again at a 
speed of 4000 rpm for 30 min.  

Step 4: After step 3, take graduations of 100 $L and add NaCl buffer up to 500 $L. 
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Step 5: A 100 $l of as-prepared conjugated fluorophores solution is pipetted to the outmost layer of the 
PELs architecture in each well of the plate for 20 minutes.  

As seen in Fig. 3.8, the photo on the left hand side is the filter tube system. A filter tube, which keeps 
the graduations, placed over a tube, contains the free fluorophores. The purpose of the filter system is 
to keep the conjugated fluorophores (the graduations) on the top layer of the tube from being mixed up 
with the screened free fluorophores.    
 

 

 

 
Figure 3.8 photo of the filter tube system.  
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3.5 Characterization techniques   

3.5.1 Atomic Force Microscope 

The atomic force microscope (AFM) is one of the most commonly used and powerful tools for 
determining the surface topography of materials. An AFM uses a sharp tip that is attached to a 
cantilever to scan the sample surface point by point, and the computer works as a human brain to 
visualize the sample surface. A schematic illustration of AFM is given in Fig. 2.4. In principle, an AFM 
works like human fingers that sense the object without other receptors. The signal is received by the 
fingers (tip in AFM) and processed by the brain (computer) that is able to reconstruct the topography of 
an object.  

Typically the radius of an AFM tip is in nanometers scale. When it is brought near to the sample 
surface, a deflection of the cantilever and tip occurs due to the interaction force between the tip and the 
sample. The defection can be compromised using a laser beam, which reflects into a photodetector 
recording the signal, focused on the back of the cantilever. As a result, after the tip scans over a certain 
region, the surface topography of the sample can be constructed. 

The AFM can be operated in a number of modes depending on the application. Generally, they are 
divided into contact modes and non-contact modes. 

 

 
   
 
  Figure 2.4 Schematic illustration of an atomic force microscope (AFM) (Image from Wikipedia) 
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Tapping mode is one operation mode for AFM. There are two other types of image contrast 
mechanisms in tapping mode:  

In tapping mode the tip makes periodic contact with the surface, unlike the operation of contact mode, 
where the tip is in constant contact with the surface. As the tip is scanned over the surface, the 
cantilever is driven at its resonant frequency. Tapping mode is usually preferred to image samples with 
structures that are weakly bound to the surface of soft materials such as polymers.  

Height imaging belongs to the trapping mode. The feedback loop adjusts the z-piezo so that the 
amplitude of the cantilever oscillation is nearly constant. The voltages need to remain the amplitude 
constant to be collected into an image, and this imaging can often give a height contrast between 
features on the surface.  

Phase imaging is the phase shift between the driven oscillations of the cantilever and the measured 
oscillations. The shift can be attributed by different material properties such as chemical composition 
etc.  
  

 
3.5.2 Transmission Electron Microscopy 

The principle of a Transmission Electron Microscopy (TEM) is basically similar to the principle of an 
optical microscope (OM). The main differences between TEM and OM are the light source and the 
lenses. In a TEM, an electron gun is used instead of light source, and an electromagnetic field is used 
instead of the glass lens. The electron gun shoots an electron bean that is focused onto the sample by a 
condenser.  Since the electron beam interacts with the sample, it either penetrates or is scattered by the 
sample. 

Transmitted electrons are then focused onto a fluorescent screen to form an image. An area with 
heavier elements scatters more electrons to a higher degree than an area with lighter elements. As a 
result, the area containing heavier elements will show a darker image, and the area containing lighter 
elements will be brighter in the TEM image.  
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3.5.3 UV/ VIS Spectroscopy  

The measurements are carried out using a Shimadzu UV-2450 instrument. The scan range is 400 nm to 
900 nm with a 0.5 nm resolution. A reference sample is collected prior to the sampling, and subtracted 
from the sample spectra. 

By using UV-VIS spectroscopy used Zeonor substrate, absorption spectra measurements study 
the light extinction of GNRs that bounded on the Zenor, and then investigate the optical properties with 
PELs continuously.  

Zeonor substrates (about 1.5cm # 2.5 cm, 1.2 mm thick) are bathed in proponal for 15 min in room 
temperature and then rinsed with Milli-Q water, and dried with N2 gas.  

Before immobilizing GNRs onto the Zeonor surface, GNRs are plasma-treated for 5 min at 80 W to 
create negatively charged functional groups. This creates an attraction force for positively charged 
CTAB coated GNRs, so as to achieve immobilization.  

Ultraviolet-visible spectroscopy (UV/Vis) refers to absorption spectroscopy in the UV region to 
visible region. Many molecules absorb ultraviolet or visible light. The absorbance of a solution 
increases as the attenuation of the beam increases. Absorbance, A, is directly proportional to the path 
length, L, and the concentration, C, of the absorbing particles. Beer's Law states that: A = $%L%C, of 
which $ is a constant called the extinction coefficient. Different molecules absorb radiation of different 
wavelengths. An absorption spectrum shows a number of absorption bands or vibrational bands 
corresponding to the characterization of the molecule itself. This technique is complementary 
to fluorescence spectroscopy. 

 
 
3.5.4 Null Ellipsometry 

Ellipsometry is a powerful optical technique for the investigation of the dielectric properties 
(complex refractive index or dielectric function) of the thin films sample. This is based on the change 
in the polarization of light reflected from the sample surface. It determines the sample thickness by 
detecting the change in the optical parameters as well as the refractive index [28]. Single wavelength 
ellipsometry is performed using an automatic Rudolph Research AutoEL ellipsometer with a He-Ne 
laser light source (!= 632.8 nm).  Each sample is measured at five detection points. All materials used, 
namely Zeonor, PAS and PSS, are assumed to have an air environment with refraction index of 1.5. 
This assumption is for determining the thickness of the thin film. The surfaces used for ellipsomerty 
measurements are silicon substrates. The surfaces are cleaned by TL-1 and the ellipsometric parameters 
% and & are determined on the silicon surfaces. The parameters are used to calculate the thickness of 
the different layers that are on the silicon surfaces. 
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3.5.5 Fluorescence Plate Reader  

Microwell plate readers are laboratory instruments designed to detect biochemical or physical events of 
samples in microwell plates. They are commonly used in research. Sample reactions can be assayed in 
well of microwell plates. The most common microwell plate format used in academic research 
laboratories or clinical diagnostic laboratories is 96-well (8 # 12 matrix) with a typical working volume 
between 100 to 200 $L per well.  

The most common detection modes for microwell plate measurements are absorbance mode, 
fluorescence intensity mode, luminescence mode, fluorescence polarization, and time-resolved 
fluorescence. Experimental setup of fluorescence intensity detection has an excitation system that 
illuminates the sample by a specific wavelength (selected by a monochromator, or an optical filter).  

As the result of the fluorescence, the sample emits light and another optical system (emission system) 
that detects and collects the emitted light.  The signal is measured by using a photodetector such as 
photomultiplier tube. 

The fluorescence measurements are performed using a SAFIRE II microwell plate reader. Fluorescence 

mode is used in the Cy7 measurements. For Cy7, emission mode is used as the wavelength scan type 
detects emission signal from 740 nm to 850 nm with excitation wavelength at 700 nm. The resolution 
of the emission detection is 2 nm with an integration time of 40 $s. The exposure time of flash is 100 
ms.  
 
The exact positions of the peaks are obtained by a Gaussian fit from the rather noisy spectra. 
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4 Results and discussion 

4.1 Determination of LSPR of Gold Nanorods 

 
4.1.1 Colloid GNRs 

As mentioned in chapter 2, there are two surface plasmon bands of GNRs. Fig. 4.1 shows a spectrum of 
the colloid GNRs recorded by UV visible spectroscopy from 400 nm up to 800nm. The spectrum shows 
typical characteristics of rod-shaped particles, which corresponds to the transversal and longitudinal 
oscillation modes. The absorption maximum of transverse (T) mode is located at around 530 nm, and 
the absorption maximum of longitudinal (L) mode is located at around 702 nm. The extinction 
coefficient for the longitudinal plasmon band of gold nanorods is 3.6 # 109 M -1 cm-1 at 702 nm [29]. 
The concentration of the colloidal GNRs is about 0.24 nM determined by Beer's Law. This is the 
concentration in the initial solution, which is denoted as the reference solution in the report.  
 

 

 

 
 

Figure 4.1 LSPR peaks of colloid GNRs record by UV visible spectroscopy. The transverse mode has a shorter resonance 
wavelength if compares to the longer resonance mode that corresponds to the longitudinal mode.  
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4.1.2 GNRs bound on the microwell plate 

 

As stated in Chapter 3, the amount of CTAB in the solution should be within a certain range. 
The immobilization of colloidal GNRs has undergone four times of centrifugation to remove 
excessive CTAB. Besides centrifugations, how the immobilization changes with different 
concentrations has also been studied. Fig. 4.2 shows different concentrations of the colloidal GNRs 
inducing various LSPR peaks (!res). It is obvious that in the highest concentration, 20 times of the 
colloidal GNRs, the peaks are broad and with lower intensity of extinction. The absence of 
characteristic peaks might be due to the aggregation of GNRs. Such aggregation makes the entire 
system acts as a continuous gold film, and no localized surface plasmons occurs.   

As the concentration of the colloidal GNRs decreases, the LSPR peaks become more distinct. In both L 
mode and T mode, the two peaks are clearly observed. When the colloidal GNRs are diluted to 
approximately 2 times (2#), the LSPR peaks of the L mode are broadened. The phenomenon might be 
explained by low concentration of colloidal GNRs leading to low concentration of CTAB. At the same 
time, the broadened peak in the L mode in low concentration (2#) might further explain why 
good immobilization is comparatively harder to be achieved. Based on this finding, the following 
experiments are conducted using colloidal GNRs of 4# concentrations. 
 
 
 
 

 
 
Figure 4.2 LSPR peaks in different concentrations of colloidal GNRs. The most distinct peaks in both " mode and T mode 

occur at 4# concentration colloidal GNRs. 
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4.1.2.1 GNR immobilization reproducibility 

 

 

In Fig. 4.3, two characteristic resonance peaks of GNRs are observed in the spectra. An important 
observation from the spectra is the small difference between the three wells, which highlights the high 
reproducibility of NP deposition from well to well. The control of the homogeneousity is very 
important for further investigations.  

The spectra are measured with GNRs in air medium. As a result, the LSPR peak positions are not 
comparable to those in Fig. 4.1, in which the measurements were done in water.  
 

 
 
Figure 4.3 The Absorption spectra of GNRs-coated microwell plate wells. Plate reader records the spectra from three 
different wells of plate. 
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4.2 Adsorption of PELs   

4.2.1 Thickness measurement 

Ellipsometry is used to investigate the thickness of each PEL. Table 4.4 indicates that the adsorption of 
each PAH single layer has a thickness of about 1 nm and each PSS single layer a thickness of 2 nm. 
Each PAH/PSS bilayer is approximately 3 nm. 

 

 

 

 

 
Table 4.4 Ellipsometry data from polyelectrolyte (PAH and PSS) adsorption. 

 

 

 

 

 

 

 

 

 

 

 

PAH (+) Sample 1 Sample 2 Sample 3 PSS (-) Sample 1 Sample 2 Sample 3 

1st 6.5 10 10 2nd 20.2 25.5 18 

3rd 12 13 10 4th 26.3 18 22 

5th 6 9 11 6th 24 24 18 

7th 8 11 10 8th 24 20 24 

Average 

9.7 ± 2.07#Å$ 

Average 

22 ± 3.04 #Å$ 
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4.2.2 Surface coverage 

In order to investigate what actually happens at the surface when the PELs adsorbs on the GNRs, the 
surface phase and height information are examined using AFM trapping mode at room temperature. 
Phase images of no adsorption of PE on the GNRs and 12 PELs adsorption on the GNRs are displayed 
in Fig 4.5 (a) and Fig. 4.5 (b) correspondingly. Meanwhile, height images of no adsorption of PE on the 
GNRs and 12 PELs adsorption on the GNRs are displayed in Fig 4.5 (c) and Fig. 4.5 (d) 
correspondingly. 

 

Figure 4.5 Phase images (1#1 µm2) obtained using AFM.  (a) Without absorption of PELs cover GNRs surface. (b) 12 
adsorbed PELs on the GNRs surface; height images (c) Without absorption of PELs cover GNRs surface. (d) 12 adsorbed 
PELs on the GNRs surface. 
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The concentration of GNRs is about 250 particles per µm2 (manually counted from Fig. 4.5 (c)). As 
seen in Fig. 4.5 (b) the phase image changes significantly when 12 PELs are added to the GNR surface, 
Fig 4.5 (a). It appears as if the adsorption of PELs provides a coating on the GNRs since the distinct 
GNR features seen in Fig 4.5 (a) disappears after the adsorption of the PELs.  The “rings” seen around 
each GNR in Fig 4.5 (a) might be due a higher local concentration of CTAB on the edges compared to 
the top of the particles. The AFM tip can interact with the CTAB which gives rise to changes in the 
phase image. The high images seen in Fig 4.5 (c and d) also indicate a change in the morphology on the 
surface, but the changes are not as obvious as compared to the phase images.  
 
Since the samples are soft matters, it is quite difficult to investigate the morphologies of the samples. 
One problem occurred during the experiment was that the AFM tip somehow scratched the surface. In 
order to obtain precise images of adsorption using AFM, the instruments, especially the geometry of 
the AFM tip, must be calibrated and examined in advance.  
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4.3 LSPR changes upon polyelectrolyte adsorption 

Fig. 4.6 shows the extinction spectra of GNRs-coated microwell plate recorded in a single well of 
microwell plate, from no adsorption of PEL on the GNRs, and then the LBL assembly builds bilayer 
PAH/PSS up to totally 14 PELs on the GNRs surface. Measurements of the LSPRs of GNRs are taken 
in each of the PAH/PSS bilayers. 
 

In Fig. 4.6, the extinction intensity increases in both LSPR vibration modes with additional bilayers 
PAH/PSS analyzed at room temperature in air. Specifically, red shift is observed in L mode of LSPR 
with increasing number of PEL adsorption. It is because that the longitudinal plasmon mode of GNRs 
is more sensitive to the local environment [28, 30].  
 
  
 
  

 

 
 
Figure 4.6 Spectra of LSPR of GNRs record by plate reader. Each spectrum represents the LSPR of GNRs with the 
increment of PELs. Features T and L on the curves correspond to transverse and longitudinal plasmon bands for 
GNRs.  
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In order to obtain repeatable results, experiment of a larger scale was conducted. From the average 
absorbance over three wells for each GNRs system, even though the three measurements were taken 
place separately, the spectra in the three samples showed consistent results. The peak positions were 
obtained by a Gaussian fit from the rather noisy spectra. This provided a highly reproducible data and 
confirmed the reliability of the laboratory results.   
 

 

 
 
Figure 4.7 Extinction spectra of GNRs immobilize in three separately microwells with additional bilayers PAH/PSS 
analyzed at room temperature in air. As the number of bilayers increase the LSPR band shifted to a longer wavelength and 
increase in intensity.  
 
 

 

 

As shown in Fig. 4.8, are plotted LSPR peaks (!res) of all different PELs values in Fig. 4.7. This figure 
shows the differences between the T mode and the L mode in !res. In the T mode, LSPR peaks 
(obtained by a Gaussian fit) only varied within a small range of 533-554 nm as PELs increases. 

The L mode, on the other hand, red shift is observed in LSPR peaks as PELs increases. L mode !res red 
shifts greatly in the beginning of PELs build-up, but the increase gradually slows down as the PELs 
adsorption increases. It reaches plateau when 10 layers of PELs are added. The change in !res shifts to 
longer wavelengths of about 80 nm in total when going from zero to 14 PELs.   
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Figure 4.8 Shifts of the L mode LSPR’s peaks with changing thickness of the PELs analyzed by the Gaussian fit results of 
absorbance spectroscopy.  
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4.4 Fluorescence measurement 

4.4.1 Cy5 fluorescence measurement 

In our experiments, a commonly used near-infrared dye Cy5 is used. Emission spectra for fluorescent 
dye, Cy5, are studied in the absence and presence of GNRs using a plate reader. Specifically, how the 
distance between fluorophores and the plasmonic GNRs affects fluorescence enhancement is studied. 
This result shows that in the presence of plasmonic GNRs, fluorescence of Cy5 is quenched in every 
Dye-GNRs separation distances (about 3 - 33nm). The relative fluorescence enhancement value is the 
fraction value of the emission peak intensities in the presence of plasmonic GNRs divided by the 
corresponding emission peak intensities in the absence of GNRs. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 4.9 the relative fluorescence enhancement of GNRs system with respect to the number of PEL, a Cy5-GNRs spacer 
(about 3 - 33nm). The enhancement values are using the corresponding system, which is in the absence of GNRs as 
reference. 
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As seen from the results shown in Fig 4.9, no enhancement from the Cy5 fluorescence was obtained in 
the presence of GNRs. Instead there was an obvious florescence quenching of the signal and every 
value obtained was lower than the reference fluorescence signal. There was a major problem with the 
reproducibility of the results, as the large standard deviation bars in Fig 4.9 indicate. It is not possible 
to say anything about the distance dependence due to these problems, however it is clear that the GNRs 
quench the Cy5 fluorescence signal. This might be due to lack of spectral overlap with GNRs’ LSPR  
(see section 4.5). 
 

 
 
 

4.4.2 Cy7 fluorescence measurement  

Emission spectra for fluorescent dye, Cy7, are studied in PELs deposited onto GNRs-coated microwell 
plate wells using plate readers. Specifically, how the distances between fluorophores and the plasmonic 
GNRs affect fluorescence enhancement is studied. 

First, the quenching effect is observed when it is at 2 PELs where the Cy7-GNR separation is about 3 
nm. Then the relative fluorescence enhancements increase greatly in the Cy7-GNR separations between 
2 PELs to 4 PELs (about 3nm to 6 nm), but the increase slows down as the Cy7-GNRs separation 
increases. It reaches plateau when the separation is between 6 PELs to 8PELs(about 9 nm to 12 
nm). The relative fluorescence enhancement gradually decreases when the separation is larger than 8 
PELs.   

The results indicate that the presence of the plasmonic GNRs gives rise to enhancement of the 
fluorescence of Cy7 fluorophores (shown in Fig. 4.10). The best fluorescence enhancement achieved is 
2.25 times. It occurs when the distance between the fluorophores and the plasmonic GNRs is 
approximately 9-12 nm. The relative fluorescence enhancement is the fraction of the highest emission 
peak intensities in the presence of plasmonic GNRs divided by the average emission peak intensities in 
the absence of GNRs.     
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Figure 4.10 the relative fluorescence enhancement of GNRs system with respect to the number of PEL, a Cy7-GNRs spacer 
(about 3 - 33nm). The enhancement values are using the fluorescence average value in the absence of GNRs as the 
denominator. 

 

4.5 Comparison between Cy5 and Cy7  

 

The fluorescence enhancement of fluorophores is a result of the enhancement of both excitation 
and emission. As stated in the theory chapter, the fluorophores in the proximity of GNRs feels an 
altered Em field (stated in chapter 2), and its fluorescence properties change. 

There are two possible reasons (refer Fig. 4.11) that the Cy7 matches the L mode LSPR of the GNRs 
better in the fluorescence enhancements.  

The first reason is the external excitation source from the plate reader, which is likely the dominator to 
achieve GNRs' surface plasmon resonance. This excitation light is fixed at 700 nm, which is much 
closer to the L mode LSPR peaks than the excitation wavelength at 600 for Cy5. The results of the 
study examining the excitation with the red shifting !res study are shown in Tablet 4.12. Furthermore, 
the absorption maximum of the dyes (see tablet 4.13) is another important role to consider in the 
excitation process.  

The second reason is also worthy to consider, that is the GNRs LSPR caused by the light source from 
the fluorophores' emission. Base on this reason; although the emission from Cy5 is a better light source 
to achieve L mode of the GNRs resonance, but the emission maximum is only closer to the LSPR in the 
quenching range distances. Therefore the Cy7 emission maximum matches to the L mode LSPR of 
GNRs better than Cy5 in most of the cases (see tablet 4.14).  
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To conclude, both excitation and emission band of the dye Cy7 match L mode LSPR condition of the 
GNRs better than that of dye Cy5’s, and the two-abovementioned reasons may explain why the 
optimum condition for plasmonic enhancement takes place using Cy7.  

However, it is likely that both excitation and emission enhancements contribute to the overall 
enhancement. It is hard to separate the relative enhancement contributions from these two processes 
because of the nonradiative rates of the dyes in the presence of the GNRs. 

Therefore, we have to further discuss the dyes-GNRs separation. From the theory that if fluorophores 
are very close to the surface of the metal, NPs is expected to experience quenching from nonradiative 
energy transferring back into the metal. Results from Cy7 fluorescence measurement are shown in Fig. 
4.10.  When the Cy7-GNR separation is approximately 3 nm, quenching is observed. 

 
 
 
 

 
 
Figure 4.11 Excitation wavelength for Cy5 and Cy7 measurements is at 600 nm and 700 nm respectively. The absorption 
maximum for Cy5 and Cy7 is at 649nm and 747nmrespectively. The emission maximum for Cy5 and Cy7 is at 667nm and 
774 nm respectively. The dye Cy7 both excitation and emission band match the L mode LSPR of the GNRs better than dye 
Cy5. 
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Cydye-GNR 

Separation (number of PEL) 

 

Cy5 Excitation (600 nm) 

" L mode #res 

(nm) 
 

Cy7 Excitation (700 nm) 

" L mode #res 

(nm) 

2 -81 19 
4 -106 ' 6 
6 -125 ' 25 
8 -135 ' 35 
10 -142 ' 42 

   

  Tablet 4.12 the comparison in the difference of Cy5, Cy7 excitation with L mode !res respectively. 

 

 
 

Cydye-GNR 

Separation (number of PEL) 

 

 

Cy5 abs. max. (649nm) 

" L mode #res 

(nm) 

 

Cy7 abs. max. (747 nm) 

" L mode #res 

(nm) 

2 -32 66 
4 -57 41 
6 -76 22 
8 -93 12 
10 -84 5 

  
 Tablet 4.13 the comparison in the difference of Cy5, Cy7 absorption maximum with L mode !res respectively. 
 
 

 
 

Cydye-GNR 

Separation (number of PEL) 

 

 

Cy5 emission max. (667nm) 

" L mode #res 

(nm) 

 

Cy7 emission max. (774 nm) 

" L mode #res 

(nm) 

2 -14 93 
4 -39 68 
6 -58 49 
8 -68 39 
10 -75 32 

   
 Tablet 4.14 the comparison in the difference of Cy5, Cy7 emission maximum with L mode !res respectively. 
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4.6 Why only the fluorescence from Cy7 is enhanced?  

According to the Cy7 fluorescence measurements, fluorescence enhancement occurs. When the PELs 
deposit on the metal surface, there are several possible reasons why only Cy7 gives enhanced 
fluorescence. 

Each of the bilayer PAH/PSS has a thickness of approximately 3 nm, and we assume that the 
fluorophores are distributed evenly on the polyelectrolyte layer. Over the "quenching field"(usually 
larger than 5 nm), it appears that the Em field is the stronger one in the competition than the quenching 
field. Hence, it gives rise to enhanced fluorescence. 

Although the Cy7- GNR separation plays an important role in the enhancement of fluorescence, there 
are also some other reasons explaining why a fluorescence enhancement is observed. As shown in 
Table 4.15, the L mode !res is red shifted with the increasing Cy7-GNR separation distance. This 
varying L mode !res should also be accounted for the result of fluorescence enhancement.  

 
 
 

   
Table 4.15 Cy7 relative fluorescence enhancement vs. distance and L mode !res of GNRs. 

 
 
 
The relationship between L mode !res with the excitation, the Cy7 absorption maximum, and Cy7 
emission maximum also influences the fluorescence enhancement process. As seen in Fig 4.16, the L 
mode LSPR spectra match the excitation of Cy7, the absorption maximum of Cy7, and the emission 
maximum of Cy7. The enhancement mechanism can involve either an increase in excitation rate that 
occurs when !res matches with the absorption band of Cy7, or an increase in quantum efficiency when 
!res overlaps the emission band of Cy7. More commonly, a combination of both excitation rate and 
emission effects can give rise to the enhancement.  

 

Cy7-GNR 
Separation (number of PEL) 

L mode !res (nm) 
Relative Fluorescence 

Enhancement 

2 681 
 

0.66 

4 706 1.72 

6 725 2.25 

8 735 2.11 

10 742 1.76 
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Figure 4.16 Excitation, absorption maximum, and emission maximum wavelength for Cy7 measurements are at 700 nm, 
747 nm and 774 nm respectively in various L mode !res with changing Cy7-GNR separation distances.   

 
 

Another possible reason is that the L mode !res red shifted when the PELs increased. According to the 
results shown above, the optimum relative fluorescence enhancement takes place at approximately 10 
nm of Cy7-GNR separation, while the !res shifts to about 730 nm (which is the average !res of 
separation from 9 nm to 12 nm) from 680 nm when the separation is 3 nm. From this observation, we 
might say that the shifted !res perhaps gives a more favorable frequency for GNRs to generate an 
altered field Em with excitation at 700 nm. In addition, how the absorption maximum matches the !res is 
another issue of interest. These are two factors that effluence the excitation of fluorescence process.    

On the other hand, as mentioned in the previous section, it is hard to separate the contribution either 
from excitation or emission process that gives the fluorescence enhancement.  
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5 Conclusions 

In this project, three important strategies are used to study plasmon-enhanced fluorescence on a 
biosensor substrate, namely polymer microwell plate. Firstly, the GNRs immobilization is achieved on 
cell culture microwell plate. Secondly, a generic technique, which is based on layer-by-layer deposition 
of charged polyelectrolyte layers, allows uniform and reproducible deposition of GNRs surfaces. In 
addition, the spectra of GNRs’ !res red shifted as the number of multiple PELs increases. Thirdly, 
optimal enhancement of the fluorescence signal is achieved by controlling the dye-GNRs separation. In 
addition, the spectra of fluorophores of two different dyes (Cy5, Cy7) are determined. Dyes Cy7 give a 
better match to the L mode band of the GNRs' LSPR, and hence, influence the fluorescence 
enhancement. 

All in all, a maximum of 2.3 times of relative fluorescence enhancement is achieved when the Cy7-
GNRs separation is approximately 10 nm. On the other hand, quenching effect happens in Cy5-GNRs 
interaction. 

Our results also show that plasmonic-controlled fluorescence at an optimized dye-GNRs separation 
leads to a relative fluorescence enhancement. Together with the development of a reproducible PELs 
deposition technique, which is biocompatible, future development of plasmon enhanced fluorescent 
biochip platforms for medical diagnostic and biotechnology applications in the NIR range become 
more promising. 
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6 Future investigations  

The results obtained from the investigation in this project suggest some limitations in the experiment. 
For example, in controlling the conjugate fluorophores to stay on the topmost layer of the GNRs based-
architecture without free fluorophores penetrating into the PELs. This penetration gives rise to uneven 
fluorophores distribution for different heights of the PLEs (more PELs increase the fluorescence 
intensity), which is not a well-controlled parameter.  Further studies should focus on eliminating this 
problem. 

The Cy7 relative fluorescence enhancement can also be further examined. In the Fig. 4.10, the relative 
fluorescence enhancement results show a rather large standard deviation when the Cy7-GNR 
separations are between 6 nm and 9 nm when they are compared to the results of other separation 
distances. Carry out more repetitions on the same measurements to can help figuring out this question.  
 
It would also be interesting to investigate the lifetime of the fluorescence in the presence of plasmonic 
GNRs, and to compare this to the lifetime of fluorescence in the absence of GNRs. In addition, the 
effect of excitation power on the fluorescence enhancement can also be studied. Moreover, since the 
excitation light orientation is random in this project, it will add valuable information if some 
polarization dependent measurements are done to study the fluorescence enhancement. Parallel or 
perpendicular excitation light to the long-axis of GNRs, or even more dependent orientation angles can 
be used. Furthermore, polarization dependence of the plasmon-enhanced fluorescence on single gold 
nanorods would be a future study direction. 
 
Concentration dependence of the colloidal GNRs is also a possible further study. Investigation on how 
the enhancement is varied when the interparticle distance is altered can be done. Either increasing the 
concentration of the colloidal GNRs or allowing a longer incubation time for the same concentration of 
the colloidal GNRs can achieve the higher concentration. 
 
In addition, synthesized GNRs with different aspect ratios are available in our lab. It is worthy to try on 
those GNRs, and to use our results as a reference to compare the difference. Intercross investigations 
on how the enhancement is varied when the respect ratio of the GNRs is altered using Cy5 and Cy7 can 
be compared. Some other fluorophores could also be used in the systems. 
 
Other possible PEF strategies that take place in the solution environment would also be interesting to 
study, such as core-shell GNRs structure. GNRs of another plasmonic NPs can be the core, and the 
shell can act as the spacer. This allows PAH/PSS bilayer assembly to be applied on the core. 
Alternatively, different materials, such as antibody, can be used as the spacer between fluorophores and 
plasmonic NPs [31]. 
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