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Abstract 

In this experiment a plasmonic biosensor based on hundreds of individual gold 

nanoparticles with single molecule sensitivity is used. This method makes it possible 

to detect single molecules label free. Two kinds of nanoparticles, nanorods and 

nanobipyramids, have been examined. In search for the gold nanoparticle with the 

most homogeneous surface plasmon frequency. In this experiment the detection of 

single molecules was not necessary. Instead, the whole surrounding refractive index 

of the gold nanoparticles was changed. This was possible because we were only 

interested in the differences in response of the gold nanoparticles. 

Although nanorods and nanobipyramids are both gold nanoparticles, the properties 

of both particles are different. The surface plasmon frequency depends largely on 

the aspect ratio of the particles. Typical rods and bipyramids have an aspect ratio  of 

4.0±0.6 and 2.9±0.2 respectively. This means that the rods have a broader 

distribution in aspect ratio, so probably also a broader distribution in surface 

plasmon frequency. A more homogeneous surface plasmon frequency would help 

future research for devices that make use of this method.  

The use of a plasmonic biosensor with gold nanoparticles is to detect proteins. 

Proteins would stick to the surface and change the surrounding refractive index at 

the surface of the nanoparticle. This change gives a step in the scattering intensity of 

the nanoparticle. The same step in the scattering intensity can be found when 

changing the whole surrounding refractive index, instead of using proteins. 

The experiment also shows a much broader distribution in height and direction of 

the intensity steps for nanorods  than for nanobipyramids. This shows again that the 

bipyramids have a more homogeneous surface plasmon frequency. If the reaction to 

the binding of a single molecule is more homogeneous, the amount of information 

that can be concluded of the single molecule increases. 
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1. Introduction 

 

Single molecule detection is a research area in development. Single molecule 

detection has advantages over average based detections, for example the ability to 

detect differences between molecules in one solution. A physical example is the 

detections of proteins in blood. There are a lot of different proteins, so detection 

based on ensemble averages would give the average of all proteins, but would not 

tell us which protein is present in the blood. Single molecule detection would allow 

us to see which protein is present, and even the concentration compared to other 

proteins. 

Nowadays, most of the single molecule detection is done with fluorescent labeling of 

the molecules. This way the molecules can be detected by the light they emit. There 

are a few methods which use label free single molecule detection. This enables the 

detection of non-absorbing species.  

M. Beuwer [1] studied the detection possibility of single molecules with a label free 

single molecule detection method. Gold nanoparticles are used in his experiment. If 

a molecule binds to the surface of a gold nanoparticle, it changes the local refractive 

index surrounding the gold nanoparticle, which will lead to a shift of the surface 

plasmon frequency. This will be discussed in chapter 2.  In his study, the plasmon 

shifts were measured by monitoring the scattering cross sections in a total internal 

reflection microscopy setup. With a laser illuminating the nanoparticles, he was able 

to detect many particles simultaneously. He found that the sensitivity is sufficient to 

detect single proteins with a molecular weight of 300kDa.  

 
 

 

  

Figure 1: Intensity time traces of gold nanorods during incubation in SARPE. Intensity 

time trace of a gold nanorod with a LSPR wavelength of (a) 755:7 nm, (b) 766:9 nm, (c) 

751:0 nm and (d) 755:9 nm. Arrows indicate a stepwise increase due to single-molecule 

binding, insets are zoomed in on stepwise increases in intensity. Adapted from [1] 



S.M.E. Peters, Dark field microscopy of gold nanoparticles: Rods versus bipyramids 8 

 

He was able to measure a change in signal intensity of 2-3% due to single molecule 

binding, which corresponded to a plasmon shift of 0.5-0.75nm. In figure 1 a typical 

intensity plot is shown for two nanoparticles. Every step corresponds to the binding 

of a single molecule. 

In another research, performed by Beuwer, Prins and Zijlstra [2], the same label free 

single molecule detection method was used. The gold nanorods were monitored in 

real-time within a dark field microscopy setup. They studied an antibody-antigen 

interaction and found that the waiting time distribution is concentration dependent 

and obeys Poisson statistics. An example of the results they found is shown in figure 

2. On the left side the scattered intensity is plotted, every step in the intensity is 

accounted for by a single molecule binding to the surface. The surface plasmon 

frequency shifts to the red, so if the plasmon frequency without the molecules has a 

lower wavelength than the wavelength at which is measured, the intensity will 

increase. This is shown in the upper left graph. If the plasmon frequency of the 

particle without the molecules is higher than the wavelength at which is measured, 

the intensity will decrease with every molecule binding to the surface, shown in the 

lower left graph. The graph on the right shows the correlation between the 

measured plasmon wavelengths and the observed contrast.  (������ � �	
��
).  
 
 

 

Figure 2. (a) Time-trace of the normalized scattered intensity of two individual nanorods in the same 

field-of-view but with two different longitudinal plasmon wavelengths. Solid lines are fits to the data 

points using a stepfinding algorithm Stepwise changes in the signal indicate stochastic binding of 

single antibodies (antibody concentration 10 nM). The sign of the stepwise changes (positive at the 

top, negative at the bottom) depends on the plasmon wavelength relative to the wavelength of the 

irradiation source. The measured white-light scattering spectrum of the respective particle is shown in 

the insets (the dotted line represents the center wavelength of the SLD). (b) Correlation between the 

measured plasmon wavelength of several individual nanorods and the observed contrast (Ifinal − 

Istart, where Ifinal was measured at t = 700 s after antibody injection). The vertical dashed line 

indicates the SLD’s center wavelength. The solid line represents a fit to the data points obtained from 

the difference spectrum in the dipole approximation. [1] 
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Gold nanoparticles come in different shapes and sizes. Every geometry has a 

different electric field around the particle. This electric field controls the effect of the 

binding of molecules at the surface. The electric field around different gold 

nanoparticles has been studied by Mingzhao Liu [3]. He found that sharper structural 

features produce more significant enhancement, bipyramids showed the most 

enhancement with a factor of 200. He found that the field magnitude decreases for 

nanorods from the center towards the poles, while nanobipyramids show a sharp 

increase. In figure 3, the electric field of 3 nanoparticles is shown. On the left is an 

ellipsoid for comparison, in the middle is the electric field of a nanorod 

demonstrated and on the right sight is the electric field of a nanobipyramid shown. 

 

 

Figure 3: The field enhancement for ellipsoids, rods and bipyramids (from left to right) at the plasmon 

frequency. The propagation of the field is along the x axis and the polarization is along the z axis. 

 

The more significant enhancement of nanobipyramids at the tips could account for a 

higher sensitivity to single molecule binding than nanorods.  

In this report we will discuss the differences between nanorods and nanobipyramids. 

The higher sensitivity to single molecule binding would make the bipyramids a more 

suitable gold nanoparticle than the nanorods for single molecule detection, as the 

signal increases in intensity. A more homogeneous plasmon frequency for the 

bipyramids would also give a more homogeneous response to the binding of the 

single molecules.  In chapter 2 the theory behind this plasmon and plasmon shift is 

explained in combination with Rayleigh theory and the Rayleigh Gans approximation, 

in chapter 3 the size distribution of the nanoparticles from the samples we used is 

shown. These values are used for the calculations with the discrete dipole 

approximation (DDA), to show which wavelengths are present in our sample. In 

chapter 4 the materials and method (setup) used is discussed. In the next chapter, 

chapter 5, we show our results and discuss the meaning of our results. Chapter 6 

involves our conclusion and in chapter 7 the references can be found. 
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2 Theory  

2.1 Plasmon 

The reason that gold nanoparticles are widely used in research nowadays is for their 

optical properties. The gold nanoparticles have conduction electrons that interact 

with the light that illuminates the particles. This interaction is dependent on the 

wavelength of the light. The electrons move up and down with the electric field of 

the light, as shown in figure 4.  

 

 

 

 

 

 

 

As shown, the light wave has an electric field which interacts with the electron cloud 

of the gold nanoparticles. The electron cloud moves up and down in sync with the 

electric field. As one can imagine, different electric fields (different wavelengths of 

the light) would cause different frequencies at which this electron cloud moves. 

 A great example is waves in a bathtub. If you make a wave in a filled bathtub and 

shortly after it create a new one, a collision would occur. The first wave would hit the 

wall and come back, making a collision with the second wave inevitable. However, if 

your timing is right, constructive interference will occur. The resulting wave will have 

a bigger amplitude. 

The same phenomenon can be applied to the electron cloud. If the frequency of the 

light is at the eigenfrequency of the nanoparticle, a continuous periodic (oscillating) 

wave of electrons is created, this is called the surface plasmon resonance.  This is 

shown in figure 5.  

 

 

 

 

 

 

 

Figure 4: electron cloud moves in a direction depending on the electric field of the light. [1] 

Figure 5: surface plasmon resonance due to the specific frequency of the light wave.[4] 
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The surface plasmon resonance is responsible for a decay of the light, through 

absorption and scattering. The specific plasmon frequency is dependent on several 

variables, such as size, shape and environment.  

 

2.2 Rayleigh theory 

The plasmon is responsible for a certain scattering and absorption cross-section. A 

cross-section is an area like quantity, it is connected to how likely an event occurs. 

The plasmon frequency depends on the refractive index near the surface of the gold 

nanoparticle. Already found in other research: “The surface absorption of proteins 

induces a significant difference of environmental refractive index around the gold 

nanoparticles” according to S.L.Zhu et all[5]. This means that the protein absorption 

can be simulated by changing the refractive index of the medium surrounding the 

gold nanoparticle.  

Gold nanoparticles cause an absorption and scattering of the illuminating light, due 

to the plasmon frequency. This absorption and scattering can be approximated with 

different methods. A well-known theory is the Mie scattering theory, which gives an 

analytical solution. Simplifying the mathematics to a first-order approximation is 

used in this chapter, it is referred to as the Rayleigh theory. 

The scattering and absorption cross sections are defined as �	���� = ������	����	 
and ���	��� = ��������	���. With �	�/��	��� the scattering/absorption power, �� 

the intensity of the light and �	�/��	��� the scattering/absorption cross section. 

The total extinction cross section of the light is then the sum of the scattering and 

absorption cross section. 

To make the theory a bit easier, we will first discuss the theory for small spheres. 

Easy calculations, done by Beuwer[1], show that the scattering and absorption cross 

sections are as follows: 

�	� = �
�|�|�
6���� 				�1� 

 

and for the absorption cross section ���	 : 
 

���	 = ��� � ���		�2� 
 

in which � = �"
#  is the wave vector in the medium. � is the polarizability of the 

nanoparticle  The � for a sphere is:  

 

� = �$��
��% � �&%'�(&�$��
��% + 2�&%'�(& 		�3� 
 

Equations 1 and 2 give a maximum for the scattering and absorption cross section 

when �$��
��% + 2�&%'�(& equals zero.  
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Simplifications were made to get to these equations. The particles are assumed to be 

spherical for example, which is not normally the case.  

R is the radius of the particle and � is here the wavenumber of the electric field. 

Furthermore, �&%'�(& is the relative permittivity of the medium and �$��
��% is the 

relative permittivity of the particle. The relative permittivity of the particle is defined 

by the Drude dielectric function as: 

�$��
��% = 1 � �$
�
�� 				�4� 

Here, �$ is the plasma frequency and the frequency of the electromagnetic radiation 

is defined as �. Note that contributions from the bound electrons have been 

neglected here. 

 

2.3 Rayleigh Gans approximation 

For a more complex geometry of the nanoparticle, the polarizability is dependent on 

the axis, as the particle has different lengths of axis in different directions. 

 

Therefore a factor ,	� is found in the formula for the polarizability:  

 

 

�� = ��- ∗ �$��
��% � �&%'�(&
�&%'�(& + ,	�/�$��
��% � �&%'�(&0				�5� 

 

where ,	�  depends on the geometry of the particle and - the volume of the particle.  

 

The shape factor for an ellipsoid is given with formula 6, with the following 

relationship: 2	 > 	4	 = 	5, 
 

,	6 = 1 � 277� 8�1 + 127 ln 8
1 + 7
1 � 7;; , ,	� = ,	= =

1 � ,	62 				�6� 
 

where >	 = 	1 is the polarization of the incoming field along the long axis and >	 = 	2,3 the polarization along the two short axes. e is the eccentricity of the 

particle given by 7 = ?1 � �@
�@ .With	2 the length and 4 the width of the particle.  

 

The Rayleigh Gans approximation can be used to get a better understanding of the 

nanoparticles and its variables. It should be noted that this approximation does not 

give accurate results for nanorods or bipyramids, only the main direction can be 

observed when changing a variable.  
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2.4 Refractive index 

The first variable that has been examined is the refractive index. For figure 6, 5 

different refractive indices were used with the same particle size. The peak shifts 

steadily to the red with an increase in the refractive index.  This plasmon shift is the 

same as would be expected from proteins attached to the nanoparticles. Since they 

form a layer around the particle which can be seen as a layer with a different 

refractive index. This assumption has been used in the experiment. Instead of using 

proteins to get a step in the intensity, a medium with CTAB was used. CTAB too 

forms a layer around the particle with a different refractive index .  

 

  

Figure 6: scattering cross sections of particles with a different 

surrounding refractive index. 
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In figure 7 the correlation between the refractive index and the surface plasmon 

frequency has been shown. The shift to the red for an increase in the refractive index 

seems to be steady. More information can not be gained from this graph because 

the Rayleigh Gans approximation is still a simplified approximation for the real 

problem. 

 

2.5 Aspect ratio 

Figure 8 shows the scattering cross section of the particles, with the length as 

variable. The aspect ratio varies from 3 to 5. As can be observed, the plasmon 

resonance shifts to the right if the aspect ratio increases. The aspect ratio has been 

varied by taking the width as a constant and only changing the length of the particle. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: scattering cross sections of particles with the length 

as variable. 

Figure 9: different combinations of length and width with the 

same resulting aspect ratio.  
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As figure 8 shows, a longer particle corresponds with a surface plasmon frequency 

shift to the red. The questions remains whether this is due to the changing length, or 

the change in aspect ratio. In figure 9, 3 different sizes of particles have been 

plotted, all with the same aspect ratio. As can be seen, the surface plasmon shift 

frequency is the same for every particle. Which means that the surface plasmon 

frequency is more dependent on the aspect ratio of length and width than on the 

whole size of the particle.   

 

This dependence of the surface plasmon frequency on the aspect ratio of the 

nanoparticle itself is important to study. If the aspect ratio in the sample shows a 

large distribution, a large distribution in the surface plasmon frequency can be 

expected, which would gave a large distribution in the intensity step when the 

refractive index surrounding the nanoparticle changes. While we would like to keep 

this distribution in intensity steps as low as possible.  

In chapter 3, we compare the size and aspect ratio distribution of the gold nanorods 

and gold bipyramids.  
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3 Analysis 

3.1 Image analysis 

The particles are obtained from NanoSeedz Ltd. in Hong Kong. To examine the 

distribution of length and width of the nanoparticles present in the samples that are 

used, transmission electron  microscopy (TEM) images were made of  the samples. 

These have a higher resolution than normal light microscopy due to the short Broglie 

wavelength of the electrons. An example of the images of  the rods and bipyramids is 

shown in figure 10 and 11 respectively: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

As can be observed, not every nanoparticle has the same width and length. The 

aspect ratio between them is important for the spectrum of the nanoparticle. As 

shown with the discrete dipole approximation further ahead. For that reason, the 

distribution of length, width and aspect ratio is examined. 

Because the goal of this research is to find the differences and advantages of each 

nanoparticle shape, for every variable (length, width and aspect ratio) the 

distribution of the rods and bipyramids are compared. 

The width and length of the both the nanoparticles were measured using ImageJ. 

This program can detect the individual particles and gives a value for the minor and 

major axis (width and length respectively).  

First we will look at the distribution in the length of the nanoparticles. Every time, a 

histogram has been made of the sizes present in the samples, with this data, a 

normal distribution (Gaussian distribution), has been fitted. On the left side in figure 

12 the distribution of the rods is shown, while on the right in figure 13 the 

distribution of the bipyramids can be found. 

 

 

 

 

 

Figure 10: TEM image of a sample 

with gold nanorods 

Figure 11: TEM image of a sample 

with gold nanobipyramids 
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The rods and bipyramids have a major axis of 68±8 nm and 86±5 nm respectively. 

As the data shows, the distribution in the length does not show huge differences 

between the rods and the bipyramids.   

 

The same thing has been done for the width (minor axis) of the nanoparticles, the 

distribution is again shown for the rods and bipyramids, in figure 14 and 15 

respectively.  

 

 

 

 

The rods and bipyramids have a minor axis (width) of 18±3 nm and 30±2 nm 

respectively. And again, the distribution does not show a significant difference 

between the two different particles. 

 

At last, the aspect ratios of the rods and bipyramids has been examined. For every 

particle examined the major axis has been divided by the minor axis (aspect ratio). 

To compare the results, the horizontal axis of both graphs have the same scale (4.5 

in length). 

Figure 12: distribution in length of the 

nanorods 
Figure 13: distribution in length of the 

nanobipyramids 

Figure 14: distribution in width of the 

nanorods 
Figure 15: distribution in width of the 

nanobipyramids 
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In figure 16 and 17 the distribution in aspect ratio for the nanorods and bipyramids 

have been shown respectively. The rods and bipyramids have an aspect ratio  of 

4.0±0.6 and 2.9±0.2 respectively. This is a significant difference. While the rods and 

bipyramids show the same distribution in length and width, the aspect ratio of the 

rods has a much broader distribution than the aspect ratio of the bipyramids. It 

seems that for the bipyramids, the major and minor axis are more dependent on 

each other than for the rods. The reason could be found in the way both particles 

grew to their current size. It seems the bipyramids grow more uniform. 

These sizes differ from the average given by the manufacturer, so analyses of the 

samples is advised if these nanoparticles are used in experiments. 

An important note here is that the TEM images used for the analysis of the 

bipyramids are not of the same nanobipyramids used in the experiment because 

these images were not available. The data shows a difference for a typical bipyramid, 

the size bipyramid we used would most surely show the same results. 

 

3.2 Discrete dipole approximation 

To investigate the spectra of these samples and get a better idea of the particles 

optical properties, discrete dipole approximation (DDA) is used. To calculate the 

scattering and/or absorption properties of a particle, the Maxwell equations have to 

be solved for the geometry of that particle. Exact solutions of the Maxwell equations 

only exists for special geometries such as spheres or spheroids. This is where the 

DDA takes it over.  

The discrete dipole approximation fills the geometry you desire to investigate with 

dipoles. The more dipoles per volume, the more accurate the results will be. Every 

dipole interacts with its neighbors via their own electric field, and so an iterative 

calculation takes place to solve the Maxwell equations for every dipole. 

Figure 16: distribution in aspect ratio of the 

nanorods 
Figure 17: distribution in aspect ratio of the 

nanobipyramids 
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The only limitations of these calculations are that for accurate results, the complex 

refractive index   must satisfy the following condition: | | ≤ 2.  

This condition is not fulfilled for the gold nanoparticles. The refractive index of gold 

has a real part and an imaginary part, both depending on the wavelength. The data 

of Christy and Johnsen [6] was used for the refractive index of gold. For the 

wavelengths at which we measured, the real part of the refractive index varies from 

~-15 to ~-35.  

Because the condition is not fulfilled, the approximation will be less accurate, 

however, for it is only used as a control group, this does not pose a big problem. 

Furthermore the number of dipoles N must satisfy: 

 

B > C4 "=D | |
=/��%��0

=
. (7) 

 

Where � = E
  and �%��is the effective radius of the target. This condition was found 

by B. T. Draine and P. J. Flatau [7]. To make the DDA more accurate, the calculations 

were done at 4 dipoles per nanometer.  

 

 

 

 

 

 

 

 

 

 

The image analysis gave a clear view of what is present in the sample. The Rayleigh 

Gans approximation could give us an idea of what will happen when something 

changes, but the results are not accurate enough to be used. This is why the discrete 

dipole approximation is used with the data of the image analysis. In figure 18, the 

different spectra of the ratios present in our sample have been plotted. The rods 

show a distribution from ~725 nm to ~890 nm.  

For the bipyramids the discrete dipole approximation could not be used. The TEM 

images used to determine the distribution of length width and aspect ratio for a 

typical bipyramid sample were from different sized bipyramids then used in our 

experiments. Therefore the discrete dipole approximation would not tell us much 

about the plasmon frequencies of the bipyramids present in the used sample. 

The DDA code used in this experiment can be found in the appendix. 

Figure 18: plotted spectra of the ratios present in 

the used sample of nanorods 
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4 Materials and Methods 

In this chapter the sample preparation  and experimental setup are discussed.  

 

4.1 Sample preparation  

The coverslips needed to be cleaned before being coated with the nanoparticles.  

 The steps for preparing the samples are as follows: 

1. The coverslips were cleaned by sonication in methanol for 20 minutes.  

2. Then the coverslips were dried with a B� flow. 

3. UV/Ozone oxidation (cleaning) of  coverslips for 90 minutes.  

4. After oxidizing, the coverslips were immediately spin coated with a 40 µL 

drop of the suspension of nanoparticles onto the coverslips at 2000 rpm for 

90 seconds. 

5. At last, the spin coated coverslips were rinsed with PBS* and Milli-Q** water, 

and dried in a B� flow again.  

*PBS is a solution of Phosphate buffered saline: “One tablet dissolved in 200 mL of 

deionized water yields 0.01 M phosphate buffer, 0.0027 M potassium chloride and 

0.137 M sodium chloride, pH 7.4, at 25 °C”. [8] 
** Milli-Q water is ‘ultrapure’ water, a trademark created by Millipore Corporation 

The concentration of the particles was adjusted to yield a coverage of ~200-400 

particles in the 100 x 100 µm field-of-view of the microscope. The coverslips with 

particles were typically used within 4 days of preparation. 
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4.2 Dark field microscopy  

Figure 19 is a schematic of the optical setup used in this experiment. A white light 

source was used in combination with optical filters to vary the wavelength of the 

light that illuminates the nanoparticles. 12 Optical filters were used varying from 710 

to 850 nm.(They have a bandwidth (FWHM) of typical 10 nm).  As shown in the 

figure, the nanoparticles are stuck upside down, with the illumination coming from 

above via a prism. This way the direct beam is reflected and will not enter the 

objective. Only evanescent waves (which do not propagate to the objective) interact 

with the nanoparticles. The nanoparticles will scatter/absorb these evanescence 

waves. Only this scattered light will reach the objective. The signal is therefore 

background free, hence dark field microscopy.  

 

 

 

 

 

 

 

 

 

 

The flow cell is connected to a syringe, which could be controlled with a device to 

create a steady flow through the flow cell. At the other end of the flow cell is a tube 

connected to a reservoir of the medium that flows through the flow cell. 

The charge coupled device (CCD) makes images of an area of 120 × 120 F � on the 

sample surface. The field of view of the microscope is roughly 4 times the depicted 

area. By varying the focus point, gain and exposure time better resolution can be 

gained.  

At different wavelengths, the scattering cross section changes of a nanoparticle. 

With this intensity the spectrum of every nanoparticle can be reconstructed. These 

spectra help to see which spot is a single particle and which spots are clusters or 

deformed particles.  

If the surrounding refractive index of a nanoparticle changes, the surface plasmon 

frequency changes with it.  For a fixed wavelength, the plasmon shift could be 

measured as a step in the intensity is measured.  

The microscope used for this experiment is a Nikon eclipse Ti and the software for 

controlling the variables such as the exposure time is NIS-Elements. 

For this experiment dark field microscopy was used. Dark field microscopy is slightly 

different from normal microscopy and has its own advantages and disadvantages. As 

Figure 19: schematic of the setup, adapted 

from Beuwer [1] 
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already explained, dark field microscopy is background free. Due to this, smaller 

signals can be measured then possible with normal light microscopy. It can be 

compared with the stars at night. The same stars can not be seen in broad daylight, 

because of the high background noise (light of the sun). In figure 20, an example is 

shown of this dark background, the light spots are the nanoparticles. One has to 

keep in mind that the spots should not be saturated. Otherwise the intensity would 

not correctly be measured and the spectrum would not show a nice Lorentz shape.  

 

 

 

 

 

 

 

 

 

 

 

 

 

The small step in intensity when the surrounding refractive index of a nanoparticle 

changes would also be impossible to measure. As the measured intensity can not get 

any higher, while the actual intensity could. 

For every spot (particle) on the screen a 2D normal distribution function (2D 

Gaussian function) is fitted, to find the intensity scattered by the particle. The 

function used for the fit is as follows: 

 

G�H, I� = �4J+ K ∗ 7HL M� N�H � H��22�O� + �I � I���2�P� QR			�8� 
 

With �4J the intensity of the background. With the variables that were found, the 

intensity of the nanoparticle can be calculated with the following formula: 

 

�'%
 = 2�K�O�					�9�	
��$ = �'%
��U 					�10� 

 

Figure 20: example of a field of view(100x100 Fm) The 

dots are the nanoparticles.  
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Figure 21: On the left three examples of good spectra, while on the right two examples of clusters. 

 

With the intensity found with the 2D Gaussian fit, the spectrum of the particle can 

be measured by varying the wavelength of the incident beam. This is done with the 

white light source and different optical filters. (Every optical filter has another 

frequency it allows to pass). Examples of these spectra are shown in figure 21. On 

the left side are some good spectra of different particles, while on the right sight the 

spectra of clusters has been shown. It is important to exclude the data of the clusters 

from your results. As we do research to single nanoparticles, these clusters are a 

contamination of our data and can be excluded. 
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5 Results and Discussion 

At the beginning of every measurement a new sample was used and the flow cell 

was filled with Milli-Q water. After the spectrum was measured, a movie was started 

while a CTAB solution flows through the flow cell. CTAB forms a layer around the 

gold nanoparticles, as shown in figure 22. This layer has a slightly higher refractive 

index and causes the plasmon of the particle to shift to the red. A 2mM CTAB 

concentration was used during our experiments. 

 

 

 

 

 

 

 

 

 

 

The intensity is measured at a constant wavelength of 790 nm, which is  ~ the 

average FWHM of both the nanoparticles. (Since the spectrum changes from particle 

to particle, the FWHM changes too). If the measurement is on the right side of the 

peak, an increase in intensity would be expected, due to the plasmon shift to the 

right for increasing refractive index of the medium in the flow cell. This is illustrated 

in figure 23 for a gold nanorod: 

 

 

Figure 22: Bare gold nanorod and a CTAB layered gold 

nanorod,,adapted from [9] 

Figure 23: On the left is the intensity step after flowing with a CTAB solution, on the right is the spectrum of 

the same particle.  
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The left graph shows the intensity step of the particle. At 50 seconds the pomp is 

started and around 80 seconds the CTAB solution enters the flow cell. On the right 

side is a graph of the spectrum of the same particle, with a fit of a Lorentz function. 

The black line is the wavelength at which the measurement was performed. As can 

be seen, a plasmon shift to the right would result in a higher intensity. 

For the rods the measurement was done at the right side of the average peak 

(average of 768 nm), at 790 nm.  A problem occurred with the bipyramids. The focus 

point of the system changes a bit when the refractive index of the medium in the 

flow cell changes. Therefore, to stay in focus, we had to use the perfect focus 

system. This perfect focus system helps keeping the focus correct so the intensity 

step could be accurately measured. One disadvantage of this perfect focus system is 

the cut-off wavelength at 800 nm. Which means, any measurement above the 800 

nm has to be performed without the perfect focus system. This is why the 

experiment of the bipyramids was done at the left side of the peak (820 nm), again 

at the FWHM of 790 nm. This way, the results can be compared, with the 

expectation that the nanorods would show an increase in intensity on average, and 

the nanobipyramids would show a decrease in intensity on average.  

The same graph  of a typical nanobypiramid can be shown. In figure 24 the intensity 

step and spectrum of the particle can be observed. The measurement took place at 

(again) 790nm, which is now on the left side of the peak. The decrease in the 

intensity is shown on the left. This is again as expected, if the plasmon shifts to the 

right and the measurement took place on the left side, the intensity should 

decrease. 

 

A problem with the spectrum of the bipyramids can directly be detected  in figure 

24. The highest optical filter that was available was at 850nm. Because the surface 

plasmon is close to this wavelength, the right side of the spectrum can not be 

measured and the Lorentz fit is not accurate. This is why the contrast depending on 

the plasmon wavelength (relative to the wavelength of the beam) could not be 

examined.  

Figure 24: On the left is the intensity step after flowing with a CTAB solution, on the right is the spectrum 

of the same particle. 
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The intensity steps are different from nanoparticle to nanoparticle. Even for the 

same geometry nanoparticles, the intensity step can show a huge distribution. In 

figure 25 a few time traces of rods (on the left) and bipyramids (on the right) have 

been illustrated. As the nanorods show a huge distribution in spectra, the 

measurement at 790 nm could be on the left side of the plasmon frequency as well 

as on the other side. This results in intensity steps increasing as well as decreasing. 

As the bipyramids are more homogeneous in their spectra and plasmon frequency, 

almost all the nanobipyramids show the same intensity change and direction 

(decrease in intensity). 

By calculating the ratio between the intensity before and after the CTAB solution, 

the distribution of the rods and bipyramids can be examined. In figure 25 the 

distribution of aspect ratios is shown, as well as the fit of the aspect ratios. The ratio 

has been calculated as following: 

 

W2X>Y = >ZX7Z[>XI&����\]>ZX7Z[>XI^_`a 		�11� 
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Figure 25: In the graph on the left side typical intensity steps for nanorods are shown. In the graph on 

the right side typical intensity steps for nanobipyramids are shown 
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Figure 26: histograms of the aspect ratios of both the 

nanorods and nanobipyramids with a Gaussian fit. 
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In figure 26, the black bars are the histogram of the nanorods, with a blue curve for 

the Gaussian fit. The red bars are the histogram of the bipyramids, with a green 

curve for the Gaussian fit. To be able to plot both histograms in the same graph, the 

frequency was normalized to more or less match. (Number of particles was not the 

same). The average ratio of the nanorods is 1.013±0.004 with a FWHM of 

0.152±0.009. The average ratio of the nanobipyramids is 1.105±0.003 with a FWHM 

of 0.092±0.006. There is a significant difference in the FWHM of the two. The 

intensity is calculated with a code that uses the average intensity of the first 50 

seconds and the average intensity of the last 50 seconds. This code can be found in 

the appendix.  

 

 

 

 

 

 

 

 

 

 

 

 

The black fit is for the rods. As can be observed, the peak is around 1, while we 

would expect a value smaller than 1.(increase in intensity). This is discussed and 

illustrated with figure 26. The red fit is for the bipyramids, which show a significant 

average of around 1.1 . This is what would be expected since the intensity should 

decrease. The interesting part of this figure, and the reason for this experiment, is 

the width of both fits. The bipyramids show a much more homogeneous distribution 

in ratio than the rods.  
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Figure 27: Intensity of a nanorod, passing the plasmon 

frequency.  

The average of the bipyramids has an decrease of ~11% while the rods do not show a 

significant change. (An increase would be expected, so an average of below 1.00). 

This result is probably due to the big plasmon shift. A lot of nanorods showed an 

increase and further on a decrease in intensity, an example shown in figure 27. The 

figure shows that the plasmon shift is so big, it reaches the peak of the plasmon and 

ends on the left side of the peak. This is probably. why an average of 1.013 is found 

for the rods.  

 

 

 

 

 

 

 

 

 

 

The decrease of the intensity is found in a lot of intensity figures and can not be 

accounted for due to the flow stopping in the flow cell. The pomp was activated at 

50 seconds and pomped for exactly 3 minutes. So at 230 seconds the pomp stopped. 

The unexpected average decrease in intensity of the nanorods can be accounted for 

by the huge shift in the plasmon frequency. In figure 28 a histogram of the shifts is 

shown. An average shift of 11 nm is observed. This large shift could indeed cause the 

nanorods to shift too much to the red. 

 

 

  

0 5 10 15 20

0

5

10

15

20

25

30

histogram of the increase in surface plasmon for rods

fr
e

q
u

e
n
c
y
 #

∆surface plasmon

 bins

 Gaussian fit

Figure 28: histogram of the increase in surface 

plasmon for rods 
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6 Conclusion 

In this experiment the homogeneity of gold nanorods and gold nanobipyramids have 

been compared. Research shows a large difference in signals observed for nanorods. 

This large difference in signals is not convenient for further research. That is why we 

have examined nanobipyramids to see if they show a less large difference in signals.  

 

At first the size distribution has been examined using TEM images and a stunning 

difference in the aspect ratio (length of the particle divided by the width) has been 

found. While the nanorods have a broader distribution of aspect ratio present in the 

sample, the bipyramids show a more homogeneous distribution of the aspect ratio. 

The rods and bipyramids have an aspect ratio  of 4.0±0.6 and 2.9±0.2 respectively. 

With the knowledge that mostly the aspect ratio determines the plasmon frequency 

of the particle, it can be assumed that nanobipyramids have a more homogeneous 

plasmon frequency as well.  

 

This has been tried to prove with an experiment. In which the intensity was 

measured while varying the refractive index around the surface of the gold 

nanoparticle with a  CTAB solution (to simulate the bonding of proteins).  The 

intensity change would be more homogeneous if the plasmon frequency is more 

homogeneous. It has been shown that the intensity change of the nanobipyramids is 

indeed more homogeneous than the intensity change of nanorods. The 

nanobipyramids have a FWHM of 0.092±0.006, while the rods have a FWHM of 

0.152±0.009 of the intensity change. This means that the nanorods again show a 

broader distribution in intensity than the nanobipyramids 

 

However, a few misfortunes happened. Firstly the lack of optical filters above the 

850 nm made it impossible to accurately examine the plasmon frequency and 

wavelengths of the bipyramids. Secondly the huge plasmon shift for the nanorods. 

This shift is so big that the plasmon frequency went from the left to the right side of 

the wavelength at which the intensity step was measured.  

 

Based on these results, I suggest that the second solution should account for a 

surrounding refractive index that is closer to the refractive index of the first solution. 

An even better solution is to only measure on the left side of the plasmon frequency, 

so the problem will be avoided completely. Another research that would examine 

the reaction of nanobipyramids to proteins instead of a simulated environment 

would give more exclusive prove.  
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Appendix 

 

%code for fitting a 2DGaussfunction 
function F = D2GaussFunction(x,xdata) 
 F = x(1)+x(2)*exp(   -((xdata(:,:,1)-x(3)).^2/(2*x(4)^2) + 

(xdata(:,:,2)-x(5)).^2/(2*x(4)^2) )    ); 

 

//////// 

% code for calculating the average of the intensity before and after 

the CTAB 
clear all 
close all 
clc 

  
exposure_time=1; 
frames=18000; 
pomp_aan_seconde=50; 
sample=dlmread('spec_meas_norm_rods1.txt','\t',[0 0 291 598]); 
good_intensity=dlmread('good_intensity_rods1.txt','\t',[0 0 112 0]); 
frame_pomp_aan=pomp_aan_seconde*exposure_time; 
aantal_deeltjes=113; 
a=1; 
i=1; 

  
for a=1:113 
    while i<frame_pomp_aan+1 
        b=good_intensity(a,1); 
        values_before(a,i)=sample(b,i); 
        values_after(a,i)=sample(b,598-(51-i)); 
        i=i+1; 
    end 
    i=1; 
    a=a+1; 
end 
values_before=values_before'; 
values_after=values_after'; 
average_before=mean(values_before); 
average_after=mean(values_after); 
average_before=average_before'; 
average_after=average_after'; 

  
j=1; 
while j<114 
aspect ratio(j,1)=average_before(j,1)/average_after(j,1); 
j=j+1; 
end 
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/////// 

%code for calculating the spectrum of each particle 
clear all 
close all 
clc 

  
%===== START USER INPUT==== 
dir='D:\data\Stan_Peters\CTAB\bipyramids CTAB 2\after\'; % specify 

working directory 
file='merged_after'; % specify file to analyze 
save_results=1; 
lambda=[730 750 760 770 780 790 800 810 820 830 850]; 

  
% user input for 2D gauss fitting 
ROI_size_gauss=15; % size of square ROI around particle in pixels 

  
%===== END USER INPUT ===== 
cd(dir) 
FileND2=[dir file '.nd2']; 

  
% load multipage tiff (see https://www.openmicroscopy.org/ about 

details on 
% the Bio-Formats package for matlab) 
data=bfGetReader(FileND2); 

  
%retrieve number of frames 
omeMeta = data.getMetadataStore(); 
frames=omeMeta.getPixelsSizeT(0).getValue(); 

  
% extract coordinates of particle and bg-correction ROI. First select 

an 
% area where the bg subtraction can be performed from. 
I=bfGetPlane(data, 3); 
bitdepth=16; 
threshold=mean(mean(I)).*2; edge=40; 

 

%normally coord is used for finding the particles in every picture, 

however 
%if two measurements with a shift have to be compared, coord1 can be 

used 
%to read the coordinates of the first measurement and translate them 

to the 
%right coordinates of the second measurement 

 
%coord=find_pcle(I,edge,threshold,bitdepth); 
coord1=load('coord_Wl_before.txt'); 
t=1; 

  
while t<252 
    coord(1,t)=coord1(1,t)-18; 
    coord(2,t)=coord1(2,t)-13; 
    t=t+1; 
end 
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% field-of-view moves for WL spectra compared to SLD timetraces (due 

to 
% dichroic in perfect focus system). Some particles may fall outside 

the 
% field-of-view now, replace their coordinate with 111. 
for j=1:length(coord) 
    for k=1:2 
        if gt(10,coord(k,j)) 
            coord(k,j)=111; 
        else 
        end 
    end 
end 

  
pcles=numel(coord)/2; % determine number of particles 
options = optimoptions('lsqcurvefit','Display','off'); 

  
% generate coordinate system for 2d Gauss fit 
xx=linspace(-(ROI_size_gauss-1)/2,(ROI_size_gauss-

1)/2,ROI_size_gauss); 
yy=xx;     [x,y]=meshgrid(xx,yy); 
xdata(:,:,1)=x; 
xdata(:,:,2)=y; 

  
% initialize variables 
fit_Gs_full=zeros(5,pcles,frames); 
fit_Gs_full2=zeros(5,pcles); 

  

  

  
for i=1:frames 
    img=bfGetPlane(data, i); 
    init_guess=[mean(mean(img)) 1e4 0 1 0]; 
    for j=1:5 
        % crop the image around the particle 
        [pcle_gauss]=define_ROI(img,abs(coord(:,j)),ROI_size_gauss); 
        % 2D gauss fit 
        [fit_Gs_full2(:,j),resnorm,residual,exitflag] = 

lsqcurvefit(@D2GaussFunction,init_guess,xdata,double(pcle_gauss),[],[

],options); 
        [i j] 
    end 
    fit_Gs_full(:,:,i)=fit_Gs_full2; 
    

spec_meas(:,i)=squeeze(2*pi*fit_Gs_full(2,:,i).*fit_Gs_full(4,:,i).^2

); % volume under 2D gauss 
    spec_meas_norm(:,i)=spec_meas(:,i)'./squeeze(fit_Gs_full(1,:,i)); 

      
end 

  
%% fit spectra with Lorentz 
init_guess2=[0 1 1.7 0.15]; 
Lorentz_eV=linspace(1248/700,1248/850,100) 

  
for j=1:pcles 
    % perform Lorentz fit on energy scale 
    

fit_Lorentz(:,j)=lsqcurvefit(@Lorentz,init_guess2,1248./lambda,spec_m

eas_norm(j,:),[-5 0 1.4 0.07],[5 1 2 0.25],options); 
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    Lorentz_curve (:,j)= 

fit_Lorentz(1,j)+fit_Lorentz(2,j)./((Lorentz_eV-

fit_Lorentz(3,j)).^2+(0.5*fit_Lorentz(4,j)).^2); 

     
    %     %plot spectrum 
    figure('visible','off'); 
    plot(lambda,spec_meas_norm(j,:),'*') 
    hold 
    plot(1248./Lorentz_eV,Lorentz_curve(:,j),'r','LineWidth',2) 
    xlim([680 870]) 
    xlabel('wavelength (nm)') 
    ylabel('scattered intensity (arb. u.)') 
    title(['particle ' num2str(j)]) 
    legend('measured','Lorentz fit') 

     
    %save relevant data to array: 
    %[particle_number area_lorentz_fit(arb. u.) SP(nm) SP(eV) 

linewidth(eV)] 
    spectra_fits(j,:)=[j 2*pi*fit_Lorentz(2,j)./fit_Lorentz(4,j) 

1248./fit_Lorentz(3,j) fit_Lorentz(3,j) fit_Lorentz(4,j)]; 

     
    if save_results==1; 
        set(gcf,'PaperPositionMode','auto','Color','white'); % 

maintain aspect aspect ratio, background white 
        print(gcf,['particle_' num2str(j) '.png'],'-dpng','-r300','-

opengl') %save file as png 
        saveas(gcf,['particle_' num2str(j) '.fig'],'fig') %save file 

as matlab fig 
    else 
    end 
end 

  
figure 
imagesc(I) 

  
for i=1:length(coord) 
    rectangle('Position',[coord(1,i)-0.5*(ROI_size_gauss-

1),coord(2,i)-0.5*(ROI_size_gauss-

1),ROI_size_gauss,ROI_size_gauss],'EdgeColor','white') 
    text(coord(1,i)+10,coord(2,i),num2str(i),'Color','white'); 
end 

  
if save_results==1; 
   cd(dir) 
    %save('Lorentz_curve','fit_Lorentz') 
    save('spec_meas_norm.txt','spec_meas_norm','-ascii') 

     
    save('spectra_fits.txt','spectra_fits','-ascii') 
    save('coord_WL.txt','coord','-ascii') 
    cd .. 
else 
end 
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///// 

 

%ADDA script used to run the ADDA program for different lengths, 

widths and wavelengths. The ADDA program is an open source 
international project, which can be found at 

https://code.google.com/p/a-dda/ 

 

clear all 
close all 
clc 

  
cd('D:\Documents\jaar vier kwartiel 4\BEP\functions 

matlab\michael\DDA\adda 1.2+win64\win64\') 

  
%==== input parameters ==== 
width1=[20e-9];  
lngth1=[60e-9 70e-9 80e-9 90e-9 100e-9];  
dipoles_per_nm=4; 
n_med=1.33; % medium refractive index 
wl_vac1=1e-9.*[700 730 750  760 770 780 790 810 830 850 900]; % 

vacuum wavelengths to simulate 
%==== end input parameters ==== 

  

  

  
%generate empty array, to be filled below 
data=zeros(numel(wl_vac1),6); 

  
for i=1:length(width1) 
    width=width1(i); 
    Nwidth=width*1e9*dipoles_per_nm;  
    for j=1:length(lngth1) 
        lngth=lngth1(j); 
        AR=lngth/width; 
        for n=1:numel(wl_vac1) 
            wl_vac=wl_vac1(n); 

                         
            % calculate refractive index of gold, corrected for 
            % electron-surface-scattering and radiation-damping 
            shape='sphccl'; material='gold'; correction = 'yes'; 

ChemDamp='noo'; T=273; A=0.3; CID=1; 
            [V Leff reff]=L_eff(width/2*AR,width/2,shape); 
            [lambdai 

eps_li]=eps_metal(material,correction,ChemDamp,T,Leff,V,A,CID); % 

size corrected eps_l      
            % select dielectric function of metal at wl_vac 
            [Y I]=min(abs(lambdai-wl_vac)); 

wl_vac_round(n)=lambdai(I); 
            eps_l=eps_li(I); 
            % convert dielectric function to refractive index 
            

n_vac=sqrt(0.5*(sqrt(real(eps_l)^2+imag(eps_l)^2)+real(eps_l))); 
            k_vac=sqrt(0.5*(sqrt(real(eps_l)^2+imag(eps_l)^2)-

real(eps_l))); 

             
            % determine number of dipoles per wavelength 
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            dpl=wl_vac_round(n)/n_med/(width/Nwidth); % number of 

dipoles per wavelength (in medium) 

             
            % generate shape file 
            [filename]=sphccyl_rod_z_orient(width,AR,Nwidth); % 

generate ADDA shape file 
            % determine count 
            count=num2str(importdata('ExpCount')); % retrieve 

internal ADDA count, used later to move ADDA shape file to proper 

folder 
            % Execute ADDA 
            command=['adda_ocl -pol fcd -int fcd -shape read ' 

num2str(filename) ' -lambda ' num2str(wl_vac_round(n)*1e6/n_med) ' -m 

' num2str(n_vac/n_med) ' ' num2str(k_vac/n_med) ' -dpl ' num2str(dpl) 

' -prop 1 0 0']; 
            status = system(command) 
            % move shape file 
            direct=dir(['run' count '*']) 
            copyfile(filename,direct.name); 
            % retrieve cross-section and write to data array 
            cd(direct.name) 
            fileID=fopen('CrossSec-X'); 
            C = textscan(fileID,'%s %f','Delimiter','='); 
            data(n,:)=[str2num(count) wl_vac_round(n)*1e9 C{1,2}']; 
            cd .. 
        end 

         
        savefile=['runs_' num2str(str2num(count)-n+1) '-' 

num2str(str2num(count)) '.txt']; 
        save(savefile,'data','-ascii') 

         
        figure 
        plot(data(:,2),data(:,3)*1e3,'*-') 
        xlabel('wavelength (nm)') 
        ylabel('\sigma_{ext} (10^3 nm^2)') 
        hold 
        plot(data(:,2),data(:,5)*1e3,'r*-') 
        legend('C_{ext}','C_{abs}') 
        fclose('all') 
    end 
end 

  
///////  

  
%script to calculate the rayleigh gans approximation, the gold data 

comes 
%from Johnsen and Christy[6] 
clear all 
close all 
clc 
b=24*10*(-9); 
a=96*10*(-9); 
e=sqrt(1-b^2/a^2); 
L_1=(1-e^2)/(e^2)*(-1+1/(2*e)*reallog((1+e)/(1-e))); % Z richting 
L_2=(1-L_1)/2; % x richting 
L_3=(1-L_1)/2; % y richting 
pi=3.14159265359; 
e_m=1.33; 
e_0=8.8541878176*10^(-12); 
V=pi*b^3/6*+pi*b^2*(a-b)/4; 
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%e_ww=zeros(834,1); 
e_ww=dlmread('gold_data_3.txt','\t',[0 0 833 0]); 
e_imaginair=dlmread('gold_data_3Imaginair.txt','\t',[0 0 833 0]); 
e_www=e_ww'; 
e_imaginair2=e_imaginair'; 
e_total=e_www+i*e_imaginair2; 
%e_w=[-1.658118218+5.735345733i,-1.756338392+5.297783561i,-

2.564954828+3.64075855i,-5.931020615+2.09707249i,-

9.386610808+1.529296877i,-12.95337193+1.120863182i,-

16.48894169+1.064364485i,-20.14881645+1.247030335i,-

24.06214721+1.506866349i,-28.27090274+1.745670091i,-

32.72152638+1.99570015i,-37.12279625+2.457126311i,-

41.85525215+2.948322721i]; 
alpha_1=(e_0*V)*(e_total-e_m)./(e_m+L_1*(e_total-e_m)); 
%alpha_2=(e_0*V)*(e_ww-e_m)./(e_m+L_2*(e_ww-e_m)); 
%alpha_3=(e_0*V)*(e_ww-e_m)./(e_m+L_3*(e_ww-e_m)); 

  
labda=linspace(382,1215,834); 
k=(2*pi)./labda; 
sigma_sca=k.^4.*abs((alpha_1)).^2/(6*pi*(e_0)^2); 
%sigma_abs=k/e_0*imag(alpha_1); 
%sigma_ext=sigma_sca+sigma_abs; 
%P_sca=I_0*sigma_sca; 

  
figure; plot(labda,sigma_sca) 

  
labda1=labda'; 
sigma_sca1=sigma_sca'; 

 

 

 


