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Abstract 
 
A molecular biosensor is an analytical device that turns a bio-molecular interaction into a 
measurable signal. Previously hundreds of gold nanorods were monitored simultaneously to detect 
the binding of single molecules. These nanorods scatter light at a specific wavelength called the 
plasmon wavelength, which depends on it shape, size and its local environment. When a particle 
binds to the gold nanorod or is within its vicinity the refractive index of the local environment 
changes, resulting in a shift of the plasmon wavelength. This shift can be measured and thus used to 
detect single particle binding events. The goal of this research is to determine binding location and 
whether particles have a tendency to preferably bind more to either the tips or the sides of the 
nanorods. To determine if there is a preferred binding location the distribution of plasmon shifts was 
compared to numerical calculations for gold nanospheres of different sizes, i.e. spheres with a 
diameter of 5, 10, 20 and 40 nm, binding to gold nanorods. Due to limited statistics a definitive 
answer cannot be given. The 10nm and 20nm nanospheres show a lower plasmon shift than 
expected if the nanospheres bind homogeneously to the nanorod. Though more measurements are 
required, this hints that the sides are more preferred for binding.  
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1. Introduction 
 
Biomolecular sensing is a fast developing field ranging from simple glucose measurements from a 
blood sample to more sophisticated sensors which can directly be implanted into the patient’s body 
[1]. The most important application of biosensors is in healthcare. To prevent patients from time 
consuming measurements in the clinic, there is a need for easy to handle devices which can be used 
by the patients themselves. This demands new technologies which are minimally invasive and are 
able to measure small quantities in a reasonable time. Additionally, these technologies should 
provide data which are easy to interpret and clear to understand.  
One of the functions of a biosensor is detecting molecules in the body at low concentrations. [2] 
Molecules which can be measured as indicators for harmful processes can be DNAs, RNAs and 
proteins, but also small molecules. Sensitive and early detection of such molecules can prevent 
serious conditions such as cancer. [1] To detect small concentrations of molecules optical methods 
are widely used.  
 
Single-molecule sensing is a field in which individual molecules are detected as opposed to ensemble 
measurement techniques. The advantage of single-molecule detection over ensemble 
measurements is the ability to measure distributions directly, detect different populations in 
samples that would otherwise be averaged out or to measure rare or short-lived molecular 
conformations. [3] Gold nanoparticles are well-suited for single-molecule detection, because they 
have a strong optical response, are inert and bio-compatible and can be used in the visible or near-
infrared wavelength regimes [4,5,10]. Additionally, gold nanorods do not blink or bleach and can 
therefore be used for extended length of time and are label-free as opposed to fluorescence 
techniques. [3,6-8] 
 

 
Figure 1.1 schematic view of the detection principle where gold nanorods are tip-specifically functionalized. The binding 
of individual antibodies result in a red shift of the plasmon resonance. [3] 

 
These detection methods use the plasmonic properties of noble metals. [9] Gold nanorods and other 
metal nanoparticles have the ability to absorb light due to the creation of plasmon resonances on 
their surface. [4,10] These plasmon resonances are related to their surrounding refractive index and 
are very sensitive to changes in their close vicinity which makes detection of analyte binding to the 
surface possible with great sensitivity. [6] To be able to detect specific molecules the gold 
nanoparticles are functionalized for a specific analyte. [10] Biosensors based on single plasmonic 
nanoparticles can detect in real time, label free and can be performed with simple far field optics. 
This makes single plasmonic nanoparticles exceptionally suitable for sensitive and specific 
biosensors. 
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Figure 1.2 Time trace of the normalized scattered intensity of two individual nanorods in the same field of view but with 
two different longitudinal plasmon wavelengths. The scattering spectrum is shown in the inset. The stepwise changes 
indicate the binding of single antibodies. Different plasmon frequencies with respect to the probe wavelength result in a 
steps up or down when the plasmon redshifts. [3] 

 
Nowadays it is possible to detect and determine the kinetics of individual proteins and other 
particles using single molecule detection methods. [3,6-9] however, with this technique we are 
unable to detect where the protein binds to the nanoparticle. As can be seen in figure 1.2 there is a 
distribution in the range of step-sizes, which is due to binding at the tip or at the side. This can be 
explained by the fact that at the tip the near-field enhancement is much higher than at the side, 
figure 1.3. In order to investigate whether there is a preferential binding location for proteins on the 
nanoparticle we will look at gold nanosphere – gold nanorod heterodimers. Measuring the 
distribution of plasmon shifts of the gold nanospheres - gold nanorod heterodimer and comparing 
this with simulations, it can be determined whether there is a preference for certain binding 
locations on the nanorod. If there is found to be a preference for certain binding locations on the 
nanorod for nanospheres it can also be tested for proteins. This could lead to an improvement in the 
sensing applications of nanoparticles. For example by specifically functionalizing the tips whether 
there is no preferential binding location or specifically the entire rod if there is preferential binding 
at the tip. This will lead to better and more accurate single-molecule detection methods. 
 

 
 
 
 
  

Figure 1.3 near field enhancement of a gold nanorod [18] 
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In this thesis we discuss the theory behind localized surface plasmons and the used simulations in 
chapter 2 to get a better understanding on the subject. Next it is explained how the samples have 
been prepared and which coupling methods between gold nanorods and gold nanospheres have 
been used in the measurements. The size distribution of the nanorods is shown in chapter 3.3. In 
chapter 3.4-3.6 the experiments used to detect nanospheres binding to the nanorods is explained. 
The hyperspectral and time measurements are explained in detail. In chapter 4 the results of the 
simulations and measurement are shown. First the results of the simulations are given, then the 
experimental results and finally they are compared to determine if there is a preference in binding 
location on the nanorod. In chapter 5 the conclusions are discussed. 
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2. Theory 
 

2.1 Localized surface plasmon resonance 
Single-molecule detection with gold nanoparticles uses the shift of the localized surface plasmon 

resonance frequency. A plasmon is a collective oscillation of free electrons in a metal and can be 

seen as a mechanical oscillation of the electron cloud. The presence of an external oscillating electric 

field displaces the electron cloud with respect to the fixed ionic cores. For bulk plasmons, these 

oscillations occur at the plasma frequency given by: [11] 

𝜔𝑝𝑒 = √
𝑛𝑒𝑒2

𝑚∗𝜀0
,                                                                                  (1) 

where ne is the number density of electrons, e is the electric charge, m* is the effective mass of the 

electron and ε0 is the permittivity of the free space. 

 At the surface of a metal film, surface plasmons occur. These surface plasmons are optically excited, 

and light can be coupled into standing or propagating surface plasmon modes through a grating or a 

defect in the metal surface. Since it is the oscillating electric field of the incoming plane wave that 

excites surface plasmons, light with a high angle of incidence, couples most efficiently. [12] When a 

surface plasmon is confined to a particle of a size smaller than the incident wavelength, i.e. a 

nanoparticle, the particle’s free electrons participate in the collective oscillation and is called a 

localized surface plasmon. [13] This has two important effects. First the electric field near the 

particle’s surface are greatly enhanced, this enhancement is greatest at the localized surface 

plasmon resonance (LSPR) frequency, which occurs at visible wavelengths for noble metal 

nanoparticles. And second this resonance frequency depends on the refractive index of the 

surrounding medium, which changes when analyte binds or is in the enhanced field of the metal 

nanoparticle. [14]  

Nanospheres have a single LSPR frequency depending on their size, surface and composition. [13] 

Gold nanorods have two clearly visible LSPR peaks, one transverse LSPR frequency for the short axis 

of the nanorod, and one longitudinal LSPR frequency for the long axis of the nanorod. The 

longitudinal peak is more sensitive to changes in the refractive index of the surrounding medium due 

to the higher curvature at the ends of the nanorod, resulting in a larger electron density and thus a 

higher magnitude of the enhanced fields, and is therefore mostly used for sensing applications.  
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Figure 2.1.1 schematic view of the effect of the optical field on the electron cloud in a spherical metal nanoparticle [18] 

 

2.2 Rayleigh-Gans Theory 
 
The scattering and absorption of light by a spherical particle in a homogeneous environment can be 

solved analytically using Mie scattering theory [20]. A simplification to first order can be made for 

particles much smaller than the wavelength, usually referred to as the dipole approximation. In the 

dipole approximation the polarizability of a metal nanosphere 𝛼𝑠𝑝ℎ𝑒𝑟𝑒 is given by [16,18] 

𝛼𝑠𝑝ℎ𝑒𝑟𝑒 = 3𝜀0𝑉
𝜀(𝜔)−𝜀𝑚

𝜀(𝜔)+2𝜀𝑚
,                                                                    (2) 

 
where ε0 is the vacuum permittivity, ε(ω) and εm are the relative permittivities of the metal and the 

medium respectively, and V the volume of the sphere. The plasmon resonance occurs when the real 

part of the denominator is zero, for Re(𝜀(𝜔)) = −2𝜀𝑚. The optical cross-sections of the particles 

are given by [16,18] 

𝜎𝑎𝑏𝑠 = 𝑘 𝐼𝑚(𝛼)                                                                             (3)  

 𝜎𝑠𝑐𝑎 =
𝑘4|𝛼|2

6𝜋
                                                                            (4) 

with k the wave vector of the medium. 

The Rayleigh-Gans approximation can only be calculated for spheroidal particles like spheres and 

ellipsoid. For nanorods, the particle is therefore often approximated as an ellipsoid because of its 

exact solutions to the Laplace equations. For ellipsoidal particles the depolarization field in the 

particle is uniform but not collinear with the applied field, which can be accounted for by 

incorporating a geometrical depolarization factor L in the dipole approximation. [19] The 

polarizability of an ellipsoid in a field parallel to one of its principal axes can then be expressed as 

[16,18] 

𝛼𝑠𝑝ℎ𝑒𝑟𝑒 = 𝜀0𝑉
𝜀(𝜔)−𝜀𝑚

𝜀𝑚+𝐿𝑝(𝜀(𝜔)−𝜀𝑚)
                                                        (5) 
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where p = (1,2,3) denotes the polarization of the incoming field, aligned with one of the axes of the 

particle. The depolarization factors Lp depend on the elongation of the particle and can be expressed 

as (for spheroids)[16,18] 

𝐿1 =
1−𝑒2

𝑒2 (−1 +
1

2𝑒
ln

1+𝑒

1−𝑒
 )                                                             (6) 

𝐿2,3 =
1−𝐿1

2
,                                                                           (7) 

where L1 (L2,3) is the depolarization factor along the long (short) axis, and e2 = 1 − b2/a2 is the 

eccentricity of the ellipsoid. For a sphere the depolarization factors are 1/3 and equation (4) reduces 

to equation (1). Values of rod shaped particles with aspect ratio 3 are (L1,L2,3) = (0.11 , 0.45).[20] 
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2.3 Plasmon coupling 
 
The Rayleigh-Gans approximation can be used for single nanoparticles, but in this report we will look 

at gold nanorod- nanosphere heterodimers. To calculate the plasmon frequencies of these dimers 

we use numerical methods. With these numerical calculations we study the plasmon coupling. The 

LSPR peak of gold nanorod-nanosphere heterodimer will redshift in respect to the peak of the 

nanorod monomer due to the change in refractive index of its surroundings and due to plasmon 

hybridization. This plasmon hybridization creates different bonding modes depending on the binding 

configuration. For end-linked heterodimers the LSPR mode of the gold nanosphere interacts with the 

longitudinal LSPR mode of the nanorod to generate a symmetric, optically active mode, where the 

two peaks enhance each other. And an antisymmetric, optically very weak mode, where the two 

peaks reduce each other and create a non-zero dipole moment. The interactions between the LSPR 

modes of the nanosphere and the transverse LSPR mode of the nanorod are similar. [21] This 

interaction also has one symmetric optically active mode and one antisymmetric optically very weak 

mode. All possible conformations are summarized in figure 2.1.2a-c 

 
The end-linked heterodimer is expected to show two distinct LSPR peaks for different polarizations. 
The longitudinal bonding mode is polarized along the longitudinal axis (0 degrees). The transverse 
bonding mode is polarized along the transverse axis (90 degrees). Similarly the side-linked 
heterodimer has a distinct peak under longitudinal polarization due to the hybridization between the 
longitudinal mode of the nanorod and the nanosphere. And a weaker band under transverse 
polarization due to the bonding between the transverse mode of the nanorod and the nanosphere 
(see figure 2.3.2a-c) [22] 

  

Figure 2.3.2 calculated scattering spectra under 0 and 90 degree polarization and normalized sum for end-linked and 
side-linked heterodimers and a gold nanorod monomer [22] 

Figure 2.3.1 Plasmon hybridization models for Au NR-NS end-linked heterodimer (a) and side-linked heterodimer (b). 
The optically active modes of end-linked and side-linked heterodimers are summarized in (c). [22] 
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2.4 Boundary element method simulations 
To calculate the plasmon shifts of gold nanospheres binding to gold nanorods resulting from 

plasmon coupling we performed numerical calculation using the boundary elements method (BEM) 

[23]. BEM solves the Maxwell equations and calculates the electric field and the scattering cross-

section of any geometry. From the change in plasmon frequency the redshift can be determined for 

different binding locations and sizes of nanospheres on nanorods. The aspect ratios of the rods used 

in the simulations vary from 2.8 to 3.2 using a diameter of 40nm, corresponding to the most 

frequently seen aspect ratios in our experiments. For the nanospheres diameters of 5, 10 20 and 40 

nm are used, since these were used in our experiments. An example of a simulated rod can be seen 

in figure 2.4.1 

 

Figure 2.4.1 example of a simulated gold nanorod 

 

 The electric field and the scattering cross section of the rod are then calculated and this gives a 

plasmon peak at a certain wavelength. After the plasmon peak of the monomer is calculated the 

electric field and scattering cross section for gold heterodimers consisting of a rod and a sphere are 

calculated, which results in a different plasmon peak. The difference in the plasmon peak of the 

monomer and the heterodimer is calculated to determine the plasmon shift for a nanosphere 

binding to a rod.   

BEM calculations of gold nanorods in water for rods with a diameter of 40nm show that aspect ratio 

and peak wavelength have a linear dependence. This is shown in figure 2.2.2 for aspect ratios 

between 1.9 and 5.1.  

 

 

 

 

 

 

 

 

Figure 2.4.2 linear dependency of the aspect ratio of a gold nanorod against 
the plasmon peak wavelength 
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In BEM the rods are modeled with a rectangular mesh on the cylindrical middle part (12x18 

rectangles) and a trapezoidal mesh on the hemispherical ends (12x18). The spheres are modeled 

with a triangular mesh (144 triangles). Calculations were performed for different position of the 

sphere with an interparticle distance of 1 nm. The conformations of a rod with a sphere on the side 

and a sphere at the tip are shown in figure 2.4.3a and 2.4.3b. The calculated spectra of the two 

conformations and all positions in between are shown in figure 2.4.3c. The size dependence of the 

nanospheres is shown in figure 2.4.3d 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.4.3 a) conformation of nanorod with nanosphere at the side, b) conformation of nanorod with nanosphere at the 
tip, c) calculated spectra of heterodimers for different binding locations, d) calculated plasmon shift difference due to the 
size of the nanosphere with position 1 only the rod and positions 2-8 a rod with a sphere attached with decreasing 
distance to the tip, e) calculated plasmon shift difference due to the separation between the nanorod and nanosphere, 
with position 1 only the rod and positions 2-8 a nanorod with a sphere attached with decreasing distance to the tip, 
figure a) refers to position 2 and figure b) refers to position 8 

a b 

c 

d e 
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3. Experimental methods 
 
To investigate the distribution of plasmon shifts due to the binding of gold nanospheres to 
immobilized nanorods we have used different coupling mechanics and studied the interactions using 
dark-field scattering microscopy. These samples preparation methods and the experimental setup 
used will be discussed in this chapter 
 

3.1 Sample preparation 
Gold nanorods (Nanopartz,USA) with a diameter of 39 ± 2 nm and a length of 119 ± 14 nm were 

immobilized on a glass coverslip (#1,21x26 mm2, Menzel-Gläser). The glass coverslips were cleaned 

thoroughly by sonication in a methanol bath for 20 minutes. Then they were dried under a nitrogen 

flow and UV/ozone-cleaned for 90 minutes.  

This treatment creates negative hydroxide groups on the glass, to which the gold nanorods can bind 

to with non-specific electrostatic interactions. 

A 30 μl drop of nanorod solution was pipetted onto the substrate and spin-coated for 2 minutes at 

2000 rpm. After the spin-coating the sample was rinsed with phosphate buffered saline (PBS) and 

distilled water to remove remaining cetyl trimethylammonium bromide (CTAB). The samples were 

then blow-dried under nitrogen flow, rinsed with methanol and ethanol and blow-dried under 

nitrogen flow again.  

After the deposition of the gold nanoparticles on the glass surface, the surface of the nanorods is 

modified with cysteamine. This is done by incubating the nanorods on the glass coverslip in 150 μl of 

1 mM cysteamine solution in MilliQ water for 40 minutes. The thiol group on the cysteamine binds 

covalently to the gold nanorods. After incubation the samples were rinsed with water and methanol 

to remove the PBS, and subsequently blow-dried under nitrogen flow. 

For the nanospheres to be able to bind to the rods the citrate concentration in the solution has to be 

diluted to prevent citrate binding to the gold nanorods preventing binding of citrate-coated cold 

nanospheres. This is done by centrifuging the solution and then replacing the supernatant with 

MilliQ water. This is repeated 4 times to dilute the citrate concentration 10,000 times. 
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3.2 Coupling methods 

To couple gold nanospheres to gold nanorods to form heterodimers, three different coupling 

mechanisms have been tried: cysteine-cysteine coupling, cysteamine-citrate coupling and 

cysteamine-BSPP coupling. Here we discuss the protocols of these mechanisms.  

 

Cysteamine - citrate coupling 

During the sample preparation the gold nanorods were coated with cysteamine by incubation in a 

cysteamine solution for 40 minutes. The gold nanospheres are stabilized in citrate, which is 

negatively charged. The citrate stabilized nanospheres will bind to the positive amine groups due to 

electrostatic interactions. Because all gold nanospheres are negatively charged they don’t form 

clusters. To prevent citrate without a nanosphere attached binding to the nanorod, the citrate 

concentration is diluted 10.000x. During the time measurement 150μl of nanosphere solution is 

added in 30 seconds to 200μl of water on the sample. The particles are measured for a total time of 

15 minutes. During the measurements no binding events were measured, which is most likely due to 

the fact that the electrostatic interactions are not very strong, so a different coupling method was 

used. 

 

Figure 3.2.2 citrate – cysteamine coupling 

 

Cysteamine - BSPP coupling 

The second method also uses cysteamine which binds covalently to the gold nanorods, and 

nanospheres that are coated in bis(p-sulfonatophenyl)phenylphosphine (BPSS). This BPSS is 

negatively charged and will bind to the positive amine groups due to electrostatic interactions. The 

gold nanorods were incubated for 40 minutes in cysteamine solution. The gold nanospheres are 

overnight incubated in BPSS solution. During the time measurement 150μl of nanosphere solution is 

added in 30 seconds to 200μl of water on the sample. The particles are measured for a total time of 

15 minutes. During the measurements again no binding events were measured probably due to the 

fact that the electrostatic interactions are too weak. So cysteine – cysteine coupling was used. 

 

Figure 3.2.3 BSPP – cysteamine coupling 
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Cysteine – cysteine coupling 

Cysteine has a thiol group that binds covalently to gold. Cysteine also has an amine and a carboxyl 

group (see figure 3.2.1). The pKa values of the carboxyl group and amine group are 1.9 and 10.7, 

respectively. At a pH between those values the  carboxyl group is deprotonated giving rise to a 

negative charge and the amino group is protonated resulting in a positive charge. [24] This allows 

cysteine molecules, which are covalently attached to the gold nanorods and spheres, to bind 

electrostatically. To achieve this bonding the nanorods are incubated in 50μM cysteine solution for 

30 minutes at the beginning of the experiment. After 30 minutes 150 μl of nanosphere solution is 

added in 30 seconds to the sample and the cysteine will start to bind to the nanospheres. The 

measurement will continue while the nanospheres bind to the nanorods for 15 minutes. The main 

disadvantage of this coupling method is that nanospheres can also bind to each other and form 

undesirable clusters. Because those clusters cause coupling of plasmons so the plasmon frequency 

of the spheres moves to a frequency that is detectible during the measurements. Those clusters 

move through the field of view during the time trace measurements and cause the intensity of the 

nanorods to change.  

 

 

Figure 3.2.1 cysteine – cysteine coupling 
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3.3 Size dispersion of gold nanorods 
The gold nanorods used in the experiments were purchased from NanoPartz. The specified 

dimensions according to the company are a 40 nm diameter, a 124 nm length and an aspect ratio of 

3.1. The longitudinal surface plasmon resonance wavelength is 780 nm. However, there is quite 

some size dispersion in the nanorods samples, therefore the distribution of sizes in our samples was 

measured using transmission electron microscopy images. 

In figure 3.3.1a a TEM image of the gold nanorods is shown. The dimensions of 257 nanorods were 

analyzed, the distributions of the aspect ratio, length and diameter are shown in figure 3.3.1b-d. The 

histograms were fitted with a Gaussian fit to determine the mean value and its standard deviation. 

This yields a diameter of 39 ± 2 nm, a length of 119 ± 14 nm and an aspect ratio of 3.0 ± 0.3. This is in 

good agreement with the data provided by the manufacturer. 

 

 

 

 

  

Figure 3.3.1 a) Tem image of gold nanorods, b) distribution of aspect ratios, c) distribution of lengths of nanorods, d) 
distribution of diameters of the nanorods 

a 
b 

d c 
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3.4 Experimental setup 
 

To measure the scattered intensity and spectra of the gold nanorods and the binding of the gold 

nanospheres, a dark-field scattering microscopy setup was used, where the sample is exited using 

total internal reflection. The microscope (Nikon Ti Eclipse) has an oil emersion objective (100x 

magnification and NA=1.49). 

The coverslips are placed onto the objective with a drop of oil in between and the rods at the top of 

the glass coverslip. A drop of MilliQ water is then pipetted onto the coverslip. 

A fiber-coupled white light source (for the hyperspectral measurement) or LED (for the time 

measurement) is focused by two lenses and is refracted by a beam splitter into the objective. The 

light will enter the objective under a certain angle such that the sample is illuminated under an angle 

larger than the critical angle. This light will be totally internally reflected from the glass-water 

interface. The reflected light is blocked by a beam block while an evanescent field is created at the 

interface with which the gold nanoparticles are excited. They scatter light which in turn collected by 

the EMCCD camera.  

To be able to add the nanospheres to the sample at a steady rate an injection needle connected to a 

pump is used. A schematic view of the setup is shown in figure 3.4.1a. 

To prevent the particles from drifting out of focus during the time measurement, the Nikon perfect 

focus system is used. This system is a feedback system which uses a led, a CCD line sensor and a 

dichroic mirror. When the samples moves, for example due to thermal fluctuations, the focus of the 

objective is automatically corrected which results in refocusing of the sample. A schematic view of 

the perfect focus system is shown in figure 3.4.1b 

 

 

 

Figure 4.1.4 a) schematic view of the setup, b) schematic view of the perfect focus system [23] 

a 

b 
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3.5 Hyperspectral measurements 
  

To determine the plasmon shift between before and after the binding with the nanospheres, the 

spectra of the nanorods are determined. These spectra are measured using hyperspectral 

microscopy, using a white light source in combination in combination with a set of bandpass filters. 

The light source used in the hyperspectral measurements is a fiber coupled 10 mW white light 

source (THORLABS). This is an electrically driven Tungsten-halogen light source which has a stable 

signal in the range from 360 to 2600 nm. 

The white light source illuminates the sample, before the scattered light reaches the detector it is 

filtered using a bandpass filter of a specific wavelength and a bandwidth of 10 nm. By performing an 

independent measurement with each filter the spectra of each individual rod can be constructed to 

obtain the spectra of all rods. Using this method only a limited amount of measurements has to be 

done. In this experiment 18 filters between 670 nm and 890 nm are used, because the expected 

plasmon peaks are in this range. The intensity of the scattered light of the particles is recorded with 

the EMCCD camera.  

This hyperspectral measurement is performed before and after the nanosphere solutions are added 

to the sample. Before the second hyperspectral measurement the sample is flushed with MilliQ 

water to remove the unbound nanospheres. This prevents any binding events taking place during 

the hyperspectral measurement. 

By measuring the spectra of the particles before and after adding nanosphere solution, the binding 

of nanospheres can be observed by the difference in plasmon peak position before and after binding 

events. 

The advantage of this method is that many particles can be analyzed in the same measurement, 

eliminating the need to measure the spectrum of each particle individually with a spectrometer. 

A typical field of view (130x130 μm) is shown in figure 3.4.2. Each diffraction-limited spot represents 

a nanorod, or undesirably a cluster of rods. To obtain the intensity of each individual particle a 2D 

Gaussian fit is performed on each diffraction-limited spot.  
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The measurements are performed using an integration time of 6-8 seconds and an EM gain of 0-3. 
The scattered intensity of each individual nanorod will be different, depending on its spectrum and 
aspect ratio. To be able to construct the entire spectrum, a Lorentzian fit through the 18 data points 
is performed. This way the spectrum before and after the binding of nanospheres can be 
determined. Particles with a plasmon wavelength outside of this range are discarded as well as 
particles with a non-Lorentzian shape or broadened spectrum since these are most likely clustered 
nanorods. 
 
  

Figure 3.5.1, typical field of view containing ±300 nanorods 
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3.6 Time measurements 
 

To construct a histogram of binding events, individual binding events of nanospheres are measured. 

For this measurement the particles are excited with a fiber-coupled 5.5 mW LED light source (780 

nm, THORLABS). 150 μl nanosphere solution is added after 30 seconds using a pump (Harvard 

Apparatus 11 plus syringe pump) for 30s. The scattered light of the particles is again recorded with 

the EMCCD camera.  

Using the current setup a movie of the field of view can be recorded. The scattered intensity of the 

nanorods is recorded for 15 minutes using an integration time of 100 ms and an EM gain of 0 or 3 

depending on the sample.  

First the nanorods are left on the sample with only MilliQ water for 30 seconds to find out if the 

signal is stable. After 30 seconds 150 μl of nanosphere solution is added to the sample for 30 

seconds. The 30 seconds of pumping is chosen to ensure that almost no binding events take place 

during this time. The binding events are then further monitored for 14 minutes until the total time of 

15 minutes is reached. During the experiment it is possible that the particles drift due to thermal 

fluctuations. To correct for this the perfect focus system is used.  

The data obtained during the experiment is then analyzed frame by frame. The intensity of every 

particle in every frame is determined with a 2D Gaussian fit. In this way the scattered intensity of 

each particle is determined as a function of time. When a nanosphere binds to the rod the plasmon 

peak position will red-shift due to an increased refractive index of its surroundings, which results in a 

step-wise shift in intensity at the probe wavelength. 

To calculate the plasmon shift from the intensity change the data from the hyperspectral 

measurement is used. Using the plasmon wavelengths and linewidth of the particle in combination 

with the probe wavelength of the LED source and the relative change in intensity when a 

nanosphere binds, the plasmon shift in nanometers can be determined. 

The normalized intensity at the probe wavelength is given by 

𝐼 =
(0.5𝛤)2

(𝐸𝑝𝑟𝑜𝑏𝑒−𝐸𝐿𝑆𝑃𝑅)2+(0.5𝛤)2                                                                 (8) 

where F is the relative scattered intensity, 𝛤 is the linewidth in eV, Eprobe is the probe energy in eV 

and ELSPR is the plasmon resonance energy in eV. When the intensity is decreased (when λprobe > λLSPR) 

or increased (when λprobe < λLSPR) to 𝑓𝐼, where f is a multiplication factor,  due to a redshift of the 

plasmon the new plasmon resonance energy can be calculated using the following equation: 

𝐸𝐿𝑆𝑃𝑅 = 𝐸𝑝𝑟𝑜𝑏𝑒 ± 1

2
𝛤√

1−𝑓𝐼

𝑓𝐼
,                                                             (9) 

which is needed because the plasmon peak shift needs to be determined by the time trace 
experiment in order to detect single binding events.  
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4. Results and discussion 
 
 
First the results of the BEM simulation will be shown to determine what the expected plasmon shifts 
would be if every bounding location is as likely to happen. The plasmon shifts observed in the 
experiment are then compared to the BEM simulations to see if the gold nanospheres are more 
likely to bind to the tip or side of the nanorod.  
 
 

4.1 BEM simulations 
In the BEM simulations the LSPR peak shifts have been measured for 3 different aspect ratios of the 
rods (2.8, 3.0, 3,2) and four different sizes of nanospheres (5,10,20,40 nm). The aspect ratios are 
chosen in such a way that most nanorods in this range. The binding locations of the spheres to the 
rods for 5nm and 10nm spheres are shown in figure 4.1.1. All spheres on the rods have the same 
spacing between them to make sure the distribution is random, i.e. every binding location is as 
likely. The shifts are plotted in a histogram to be able to determine the distribution in these shifts. 
The results are shown in figure 4.1.2-4.1.4. As can be seen from these figures for longer nanorods 
the average shift is smaller than for shorter nanorods. This is because there are less binding 
locations at the sides of a nanorod with a lower aspect ratio. 
  

Figure 4.1.1 binding locations of nanospheres to nanorods for a) 5nm, b) 10nm, same binding locations are used for the 
20nm and 40nm 

a b 
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Figure 4.1.2 distribution of shifts of a heterodimer consisting of a nanorod with an aspect ratio of 2.8 and a 
nanosphere with a diameter of a) 5nm, b) 10nm, c) 20nm, d) 40nm 

Figure 4.1.3 distribution of shifts of a heterodimer consisting of a nanorod with an aspect ratio of 3.0 and a 
nanosphere with a diameter of a) 5nm, b) 10nm, c) 20nm, d) 40nm 

Figure 4.1.4 distribution of shifts of a heterodimer consisting of a nanorod with an aspect ratio of 3.2 and 
a nanosphere with a diameter of a) 5nm, b) 10nm, c) 20nm, d) 40nm 
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4.2 Experimental results 
 
First the distribution in positions of the plasmon peaks obtained by the hyperspectral measurement 
is compared with the distribution in aspect ratios measured with the TEM images. Using the BEM 
simulations the peak wavelengths for different aspect ratios can be calculated. Using the linear fit in 
figure 2.4.2, an equation of the plasmon resonance frequency versus the aspect ratio can be 
calculated: 
 

𝑝𝑙𝑎𝑠𝑚𝑜𝑛 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 345 + (145)𝐴𝑅                                 (10) 
 
where AR is the aspect ratio of the nanorod and plasmon resonance frequency in nm 
 
Figures 4.2.1a and b show that there is a good agreement between the measured aspect ratios using 
TEM images and the plasmon peaks measured in the hyperspectral measurements, except for a 
slight red-shift in the hyperspectral measurement. This redshift is most likely caused by the fact that 
the gold nanorods are attached to the surface of the glass coverslip, which is not taken into account 
in the simulations. The glass surface changes the refractive index around the gold nanorod and 
causes a red shift. To correct for this shift an extra offset of 12nm is taken into account which is 
calculated by comparing the plasmon peak wavelengths of the TEM images to the plasmon peak 
wavelengths of the hyperspectral measurement. This leads to the following equation: 

 
𝑝𝑙𝑎𝑠𝑚𝑜𝑛 𝑟𝑒𝑠𝑜𝑛𝑎𝑛𝑐𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 345 + (145)𝐴𝑅 + 12                           (11) 

 
The plasmon peaks in the experiments are obtained using the hyperspectral measurement, which 
uses band pass filters ranging from 670nm to 890nm. Plasmon peaks that are much higher or lower 
than these values cannot be measured and are discarded 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Due to a low sample size of clear plasmon shifts that can be analyzed the particles measured in the 

time measurement can’t be divided in groups with different aspect ratio. In the measurements with 

40nm nanospheres almost no binding events were detected. In these measurements clusters of 

nanospheres caused an extra signal which effects the measurement so these will be excluded from 

the report.  

Figure 4.2.1 a) plasmon peaks measured with TEM images, b) plasmon peaks measured with a hyperspectral measurement 

a b 
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Figures 4.2.2- 4.2.4 show three time traces with their shifts calculated using the time trace 

measurement and the hyperspectral measurement. Using the data of the hyperspectral 

measurements the plasmon shift in the time trace can be found using the relative change in 

intensity. The Lorentzian function is moved along the wavelength axis until the measured intensity is 

found. Figure 4.2.5 show the plasmon resonance peak shift found in the time measurements figure 

4.2.6 shows the distribution of aspect ratios in the measurement. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

 
  

Figure 4.2.2 a) time trace measurement of the intensity of a gold nanorod with a binding event of a 20nm gold nanosphere after 
593 seconds, b) calculated plasmon shift found in the time trace measurement, c) plasmon shift found in the hyperspectral 
experiment where the blue line is the spectrum before the time trace and the red line is the spectrum after the time trace 

a b 

c 
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Figure 4.2.3 a) time trace measurement of the intensity of a gold nanorod with a binding event of a 20nm gold nanosphere after 
449 seconds, b) plasmon shift found in the time trace measurement, c) plasmon shift found in the hyperspectral experiment 
where the blue line is the spectrum before the time trace and the red line is the spectrum after the time trace 

 

Figure 4.2.4 a) time trace measurement of the intensity of a gold nanorod with three binding events of a 5nm 
gold nanosphere after 83 seconds, 223 seconds and 805 seconds b-d) plasmon shifts found in the time trace 
measurement, e) plasmon shift found in the hyperspectral experiment where the blue line is the spectrum 
before the time trace and the red line is the spectrum after the time trace 
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All three measurements show an aspect ratio around the expected aspect ratio of 3.1. The 
simulations have only been done for three different aspect ratios (2.8, 3.0 and 3.2).  
If the distributions of the time measurement are compared with the simulations results it can be 
seen that for the 10nm and 20nm spheres the plasmon shifts are smaller than the plasmon shifts 
found in the theoretical model. This indicates that the nanospheres are more likely to bind to the 
side of the nanorod. For the 5nm nanorods the causes a larger plasmon shift than expected by the 
theoretical model, which would suggest that the 5nm spheres bind more towards the tip of the 
nanorod. The plasmon shift caused by 5nm nanospheres is relatively small so the results could have 
a large error. There is also the possibility that clusters of 5nm nanospheres bind to the nanorod 
which would also result in a larger plasmon shift than expected. 
 
 

 

 

 

  

Figure 4.2.5 a) distribution of plasmon shifts found using the time trace measurement of 5nm nanospheres, b) 
distribution of plasmon shifts found using the time trace measurement of 10nm nanospheres, c) distribution of plasmon 
shifts found using the time trace measurement of 20nm nanospheres. 

Figure 4.2.6 a) distribution of aspect ratios of the nanorods in the 5nm measurement, b) distribution of aspect ratios of the 
nanorods in the 10nm measurement, c) distribution of aspect ratios of the nanorods in the 20nm measurement. 

a 

a 

c 

a b c 

a c b 

c b a 
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5. Conclusion 
 
In this thesis we detected gold nanospheres binding to gold nanorods by observing their plasmon 
shifts. The distribution of plasmon shifts is compared with numerical calculations.  
The distribution in plasmon shifts measured using the 10nm and 20nm nanospheres show a lower 
plasmon shift than the distributions found in the analytical model. For the nanospheres with a size of 
5nm the distribution in plasmon shifts was higher than the distribution found in the analytical 
model. This would indicate that for 10nm and 20nm spheres there is a preferable binding to the side 
of the nanorod, and for the 5nm a preferable binding to the tip. Therefore we cannot conclude if the 
every binding location on a gold nanorod is as likely to bind a particle.   
 
 

5.1 Recommendations 
 
One limitation in this thesis is the relatively low degree of accuracy of the results due to the small 
sample size. In future experiments, using a more accurate dark field microscopy method with a 
higher signal-to-noise ratio, the accuracy of the distribution of plasmon shifts can be increased. 
Different coupling methods such as DNA coupling could be used to prevent clustering of 
nanospheres 
Future experiments can also replace the gold nanospheres with proteins to see if they have a 
preferred binding location on the nanorod.  
Furthermore, in the numerical calculations the glass surface of the coverslip was not modelled, 
which results in a plasmon peak at a lower wavelength than in the experiments. To improve the 
predicted plasmon shift versus the aspect ratio of the gold nanorod, the analytical model should be 
used on a larger range of aspect ratios. 
 
This research was meant to investigate the distribution of plasmon shifts due to binding of a gold 
nanosphere to a gold nanorod. The obtained simulation and experimental data gives an indication 
that there is no clear difference in the distributions of these plasmon shifts. Further research should 
mainly focus on gathering more experimental data.  
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