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I 

ABSTRACT 

Biosensors find wide application in clinical diagnostics, bioprocess control and environ-

mental monitoring. They should not only show high specificity and reproducibility but also 

a high sensitivity and stability of the signal. Therefore, I introduce a novel sensor technolo-

gy based on plasmonic nanoparticles which overcomes both of these limitations. Plasmonic 

nanoparticles exhibit strong absorption and scattering in the visible and near-infrared 

spectral range. The plasmon resonance, the collective coherent oscillation mode of the 

conduction band electrons against the positively charged ionic lattice, is sensitive to the 

local environment of the particle. I monitor these changes in the resonance wavelength by a 

new dark-field spectroscopy technique. Due to a strong light source and a highly sensitive 

detector a temporal resolution in the microsecond regime is possible in combination with a 

high spectral stability. This opens a window to investigate dynamics on the molecular level 

and to gain knowledge about fundamental biological processes. 

First, I investigate adsorption at the non-equilibrium as well as at the equilibrium state. I 

show the temporal evolution of single adsorption events of fibrinogen on the surface of the 

sensor on a millisecond timescale. Fibrinogen is a blood plasma protein with a unique 

shape that plays a central role in blood coagulation and is always involved in cell-

biomaterial interactions. Further, I monitor equilibrium coverage fluctuations of sodium 

dodecyl sulfate and demonstrate a new approach to quantify the characteristic rate con-

stants which is independent of mass transfer interference and long term drifts of the 

measured signal. This method has been investigated theoretically by Monte-Carlo simula-

tions but so far there has been no sensor technology with a sufficient signal-to-noise ratio. 

Second, I apply plasmonic nanoparticles as sensors for the determination of diffusion 

coefficients. Thereby, the sensing volume of a single, immobilized nanorod is used as 

detection volume. When a diffusing particle enters the detection volume a shift in the 

resonance wavelength is introduced. As no labeling of the diffusers is necessary the 

hydrodynamic radius and thus the diffusion properties are not altered and can be studied in 

their natural form. In comparison to the conventional Fluorescence Correlation Spectros-

copy technique a volume reduction by a factor of 5000-10000 is reached. 
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Chapter 1 

Almost all the chemical processes which 

occur in nature, whether in animal or 

vegetable organisms, or in the non-living 

surface of the earth – take place between 

substances in solution. 

-- Wilhelm Ostwald 

1 Introduction 

In clinical diagnostics[2, 3] as well as in bioprocess control[4, 5] and environmental monitor-

ing[6, 7] there is a strong need for biosensors. A powerful biosensor is characterized by its 

high specificity,[8] sensitivity,[9] stability[10] and reproducibility[11] of the signal so that a target 

can be easily and reliably identified and quantified even at low concentrations. The design 

of a whole biosensor system (see Figure 1) is quite complex and requires interdisciplinary 

knowledge. In principle, there are three different components. First, the biological recogni-

tion occurs where the target attaches to a receptor. Second, the attachment is converted into 

a signal that can be measured and quantified. Third, an electronic device displays the 

measured value.[12] 
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Figure 1. Schematic representation of a biosensor. A receptor is necessary for biological recognition. This is then 
converted into a measured signal which is displayed by an electronic device. This figure was prepared in dependence 
on literature [13]. 

Many physical parameters can be utilized for transduction. Just to name some examples: 

With a Quartz Crystal Microbalance (QCM) the mass per unit area is quantified by 

measuring changes in the resonance frequency of a piezoelectric crystal.[14] Electrochemical 

biosensors have recently been established where nanomaterials such as carbon nanotubes or 

graphene are applied for electrochemical communication between an electrode and redox 

proteins.[15] Another wide field is the usage of optical biosensors. Optical biosensors show 

the advantages that they are not affected by electromagnetic interference and can offer 

multiplexed detection within a single apparatus.[16] Surface Plasmon Resonance (SPR) is 

quite sensitive to changes in the refractive index due to material attachment on the surface 

of the sensor.[17, 18] SPR belongs to the class of optical biosensors where no labeling of the 

analyte (e.g. with fluorescent dyes) is necessary. Consequently, the targets can be investigat-

ed in their natural forms and their functions are not affected.[16] However, this technique 

does not reach the detection limit of a single molecule. The reason for this lies in the large 

surface area of the sensor. Thus, many molecules can adsorb at the same time and single 

biosensor

c = 1 mM

receptor tranducer display
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adsorption events are not detectable as fluctuations cancel each other out. Therefore, the 

sensor surface should be dramatically reduced to ideally the size of the target. Then, only 

few molecules can adsorb and fluctuations in signal are measurable (see Figure 2). 

 
Figure 2. Comparison of a big sensor with a small sensor. An example for a big sensor is a gold chip in an SPR 
experiment (left). A gold nanorod can be applied as small sensor (right). On a big sensor many molecules can adsorb, 
single adsorption events are not detectable and fluctuations cancel each other out whereas single molecule 
attachment is measureable with smaller sensors. This counts for processes in equilibrium as well as at the non-
equilibrium state. The figure originates from literature [19] with slight variations.  

Hence, the consequence is to go to particles in the nanometer regime. Plasmonic nanopar-

ticles exhibit strong absorption and scattering in the visible and near-infrared spectral 

range. The plasmon resonance of single nanoparticles, the collective coherent oscillation 

mode of the conduction band electrons against the positively charged ionic lattice, can be 

monitored by dark-field spectroscopy.[20] So far, this technique is quite established to 

measure the coverage of the entire sensor.[21] But recently, a novel setup was developed in 

the Sönnichsen group which overcomes the limitations of a low time resolution and a little 

spectral sensitivity. Thereby, a strong white light laser is coupled onto the sample via total 

internal reflection. Consequently, only light scattered by plasmonic particles is collected by 

si
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time
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non-equilibrium
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the objective of the microscope while the rest of the sample appears as dark background. 

The spectra are acquired by a sensitive detector which enables a temporal resolution in the 

microsecond regime.[22] This opens a window to investigate phenomena on the single 

molecule level and to gain knowledge about fundamental biological processes such as 

adsorption, diffusion and conformational changes. 

Within this thesis I first give an introduction to plasmon theory. Plasmonic sensors are not 

only sensitive to changes in the refractive index but also to plasmon coupling and charging. 

These properties have also been applied within the presented projects and are consequently 

explained in Chapter 2 as well. Chapter 3 reveals technical and performance details about 

the Plasmon Fluctuation Setup. The setup was applied to observe single adsorption events 

of the blood plasma protein fibrinogen (see Chapter 4). Further, I monitored equilibrium 

coverage fluctuations of sodium dodecyl sulfate (SDS) and demonstrate a new approach to 

quantify the characteristic rate constants (see Chapter 5). Last but not least, I reveal a new 

method to quantify diffusion constants of particles (see Chapter 6). 

 



 

 

Chapter 2 

Erwin (Schrödinger) with his Psi can do 

calculations quite a few. But one thing 

has not been seen just what does Psi 

really mean. 

-- Walter Hückel 

2 Plasmonic Nanoparticles as Sensors 

2.1 Plasmon Spectra 

Noble metal nanoparticles exhibit strong absorption and scattering in the visible and near-

infrared spectral range. In order to get a quantitative access to this phenomenon the well-

known Drude-Sommerfeld model[23] can be taken into account. In this model electrons are 

described as free electron gas where the electrons do not interact with each other. When an 

external force like an electromagnetic oscillating wave is introduced to the system a 

collective coherent oscillation of the conduction band electrons against the positively 

charged ionic lattice occurs. This leads to the following dielectric function:  

( )
( )

2

0

1 pω
ω

ω ω iγ
= -

+
   (2.1) 

with the plasma frequency ωp: 
2

*
0

p

neω
m

=
   (2.2) 

Thereby n and m* represent the density and the effective mass of the electrons.  
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Johnson and Christy[24] extended this model for real metals as the s-electrons have an 

influence on the plasma frequency, too. Through measurements of the dielectric functions 

of various metals formula 2.1 can be extended to: 

( )
2

2( )
pω

ω
ω iγω¥= -

+
    (2.3) 

with 1 10¥£ £ . 

To enlarge this model to noble metal nanoparticles the assumption that the diameter of the 

particle is to a great extent smaller than the wavelength of electromagnetic field has to be 

considered (see Figure 3).  

 
Figure 3. Particle Plasmons. An electromagnetic field leads to collective oscillations of the conduction electrons of a 
nanoparticle. 

As a consequence, at each point of the nanoparticle the phase of the light can be regarded as 

the same. Now, only the time dependency of the field has to be taken into account and a so 

called Quasi-Static Approximation (QSA) can be conducted. The scattering (sca) and 

absorption (abs) cross sections can be described through:[25] 

4
2

6sca
kC απ=   (2.4) 

( )absC k Im α= ×   (2.5) 
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with the wave vector k: 2 mεk π
λ

=   (2.6) 

The extinction cross-section is the sum of the absorption and scattering cross sections.[26] 

Thereby, α is the polarizability of the particle with the volume V and λ the wavelength of the 

electromagnetic field. α can be expressed through the Clausius Mossotti relation: 

3
2

NP m

NP m

ε εα V
ε ε

-
=

+   (2.7) 

with εNP as dielectric function of the nanoparticle and εm as dielectric constant of the 

medium. The intensity of the light after interaction with the particles is decreased: 

( )0
/ / ( )abs sca abs sca

I ω
I C ω

A
=   (2.8) 

Within the projects in the framework of this thesis gold nanorods where applied as 

sensors.[27] For particles with ellipsoidal shape, the polarizability has to be modified to:[28] 

4
3 3 ( )

NP m
i

m i NP m

ε εα πabc
ε L ε ε

-
=

+ -   (2.9) 

with the axes a,b,c (a ≥ b = c) and the geometry factors Li: 

2

2

1 1 1( 1 ln )
2 1a

e eL
e e e

æ ö- + ÷ç= - + ÷ç ÷çè ø-   (2.10) 

and 

,

1
2

a
b c

LL -
=   (2.11) 

with the eccentricity 2 21 ( )be
a

= -   (2.12) 

In order to get a more precise description of the scattering spectra, also end-shape geome-

tries and surface properties have to be considered.[29, 30] In many applications, it is necessary 
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to regard the nanoparticle as an inner core surrounded by an outer shell with a different 

refractive index, i.e. when the nanoparticle is functionalized with a layer consisting of 

another metal[31] or coated with a membrane.[21] The polarizability is then modified to:[32] 

( ) ( )( )[ ]{ }
( )[ ][ ]

( ) ( )

( ) ( ) ( ) ( )

(
( ) ( ) ( )

NP s
s m s NP s i i s NP s

i total NP s s s
s NP s i i m s m i i s NP s

ε ε ε L fL fε ε ε
α V

ε ε ε L fL ε ε ε L fL ε ε ε
- + - - + -

=
+ - - + - + -
 

 (2.13) 

with the dielectric constant of the shell medium εs, the total volume of the coated nanopar-

ticle Vtotal, the geometrical factors Li
(NP) and Li

(s)  as well as the fraction f: 

  NP NP NP

s s s

a b cf
a b c

=   (2.14) 

Particle plasmons can be studied in particle suspensions as well as on the single particle 

level. The transmitted light through a particle suspension can simply be analyzed by an 

UV/Vis-spectrometer (ensemble spectrum). The resulting spectrum (see Figure 4) provides 

a lot of information about the particles. 

 
Figure 4. Schematic representation of extinction spectra of nanoparticles. Spectra of nanospheres (purple) and 
nanorods with two different aspect ratios (red and blue) are shown. Nanospheres only show one resonance peak. 
Rods show two resonance peaks corresponding to the short and the long axis of the rod. The position of the second 
peak is dependent on the mean aspect ratio of the rods in solution. 

wavelength

ex
tin

ct
io

n
ar

b.
 u

.
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Due to its anisotropic shape nanorods show not only one but two maxima (transversal 

resonance of short axis at around 520 nm and longitudinal resonance along long axis 

typically around 600-700 nm). Thus, these values contain information about the dimen-

sions of the particles. The full width at half maximum (FWHM) provides information 

about the polydispersity of the sample. The sharper the spectra the more homogenous are 

the particles. Applying Lambert-Beer’s law 

 E ε c d= × ×   (2.15) 

the measured extinction E can be used to calculate the concentration c of nanoparticles in 

suspension knowing the extinction coefficient ε and the thickness of the cuvette d. The 

scattering spectrum of a single particle can be acquired via dark-field microscopy.[20] 

Therefore, nanoparticles fixed onto a glass surface are illuminated via a dark-field conden-

ser. Thus, only light scattered by the particles is collected by the objective of the microscope 

and the rest of the sample appears as black background. More detailed information on the 

setup used for the here presented projects can be found in Chapter 3. 

2.2 Plasmonic Sensors 

In the following I will present the principles due to which physical effects plasmonic 

nanoparticles can be applied as sensors: they are sensitive to changes in the refractive index, 

the plasmon resonance shifts through interaction with other plasmonic particles (plasmon 

coupling) and third, the resonance position shifts if charge is introduced (see Figure 5). For 

sensing applications some general things have to be considered including the choice of the 

right material as well as the optimal shape and size of the sensor. Silver particles for 

example show higher sensitivities than gold particles. However, even in aqueous medium 

they are less inert.[33] The sensitivity can also be improved by special shapes of the sen-

sors.[34, 35] Within this thesis only gold nanorods were established which show in comparison 

to nanospheres higher sensitivities and the aspect ratios where optimized in dependence of 

the analyte.[36] Further, for biological applications the toxicity of the nanoparticles has 

generally to be considered.[37] 
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Figure 5. The resonance wavelength of a gold nanoparticle can be shifted by 3 different effects. a) changes in the 
refractive index, b) charging and c) and plasmon coupling. 

2.2.1 Sensing due to Changes in the Refractive Index 

The resonance wavelength of a plasmonic nanoparticle is dependent of the dielectric 

constant of the surrounding medium, εm, or in other words of the refractive index, n, of the 

local environment:[38] 

2(1 exp )res λ
d

dΔλ S Δn
I

æ ö÷ç= - - ÷ç ÷çè ø   (2.16) 

with the sensitivity Sλ: λ

ΔλS
Δn

=    (2.17) 

Thereby, Δn is defined as change in the refractive index, d represents the thickness of the 

adsorbed layer and Id the sensing distance of the sensor. This results from the fact that the 

electromagnetic field lines also enter the surrounding medium. Because of their small size 

plasmonic nanoparticles can not only be applied as sensors when the whole surrounding 

medium is exchanged (i.e. change from water to glycerin) but also when small particles 

attach to the surface of the sensor (see Figure 6). Consequently, they are widely applied as 

sensors or markers in biological systems.[39] In the workgroup of Prof. Sönnichsen this 

principle has already been applied to develop a sensor for the specific recognition of 

proteins[40] as well as for the detection of single binding events.[22] 
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Figure 6. Sensing due to refractive index changes. Refractive index changes can be caused by altering the refractive 
index of the whole surrounding medium (a) or by attachment of small particles with another refractive index (b). 

2.2.2 Sensing due to Plasmon Coupling 

When two or more plasmonic nanoparticles are arranged closely to each other their 

electromagnetic field lines overlap which results in a change of the resonance positions. 

This effect is called plasmon coupling.[41] Up to now a lot of effort has been done to gain 

knowledge about this phenomenon itself[42] because of many interesting effects like the 

appearance of novel plasmonic modes[43] or hot spots.[44] However, there is also a great 

potential for various applications. One famous application is the concept of the plasmon 

ruler, where two particles are bound to each other through a spacer and it is taken use of 

the fact that the resonance wavelength is distance dependent of the two particles.[45-47]  

The simplest case to study plasmon coupling is the so called homodimer where the 

interactions of identical particles, i.e. spheres of the same size and material are studied. 

There are already some publications which also have studied heterodimers.[48-50] In this 

thesis, the plasmon coupling of gold nanospheres with a gold nanorod is applied (see 

Chapter 6). As these interactions have already been studied and published by Shao et al.[51] a 

brief overview is in the following given on their results. 

Shao et al.[51] investigated the plasmon coupling between a gold nanorod (average aspect 

ratio of around 2.2 with an average length of 85 nm) and a gold nanosphere (average 

a)

b)
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diameter: 24 nm). Therefore, they built heterodimers with a distance of 1 nm between the 

monomers and characterized them via Scanning Electron Microscopy (SEM), dark-field 

microscopy and simulations. The spectra changed systematically with the position of the 

sphere relative to the rod. While the scattering spectrum of a nanorod only shows one 

scattering peak the heterodimer shows two peaks whereas the one which is located more to 

the red scatters stronger. When the nanosphere “moves” from the end to the side of the 

nanorod the higher-energy peak gets stronger and red-shifts whereas the lower-energy peak 

blue-shifts so that the two peaks approach each other. When the nanosphere is situated 

exactly at the side of the rod, only one peak is visible. Further, the lower-energy peak is 

enhanced by the gap area between the two particles in comparison to the spectrum of only 

a single nanorod which indicates the presence of a hot spot. Finite-difference time-domain 

calculations show that mainly the scattering for the excitation polarized parallel to the 

substrate along the length axis of the nanorod (longitudinal polarization) causes the two 

scattering peaks. Figure 7a shows the plasmon hybridization diagram of a nanorod-

nanosphere heterodimer. At the lower-energy peak the bounding dipole-dipole hybridized 

mode dominates. At the dip in between the two particles the dipole-quadruple mode 

prevails while at the higher-energy peak a mixture of the two of them is existent.  
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Figure 7. Plasmon coupling of the system “nanorod-nanosphere”. a) Plasmon hybridization diagram and b) classical 
two-oscillator model. The figure was prepared in dependence on Shao et al..[51] 

A classical two-oscillator model can be used to describe the plasmon modes (see Figure 7b). 

The dipole-dipole and the dipole-quadrupole hybridized modes can be regarded as two 

mechanical oscillators with the energies ω1 and ω2 and the interacting strength ν12: 

 

2
1 1 1 1 1 12 2 0 1/2exp( )γ ω x ν x Fx tx iω+ + - = -   (2.18) 



2
2 2 2 2 2 12 2 0x γ ω x ν xx+ + - =   (2.19) 

with the friction coefficients γi and the displacement from the equilibrium position 

exp(  )i ix c iωt= -   (2.20) 

and the scattering power 

( ) 2
1 2ω xxP = +    (2.21) 

The further the nanosphere is away from the end of the rod ω1 increases whereas ω2 and υ12 

decrease. Further, the distance of the gap as well as the variation of the nanocrystals’ 
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dimensions have been investigated within this publication. In summary, due to plasmon 

coupling larger shifts can be expected when a gold nanosphere enters the sensing volume of 

a nanorod in comparison an analyte of the same shape and size but of a dielectric material. 

2.2.3 Sensing due to Charging  

The resonance wavelength cannot only be shifted by changes in the refractive index or by 

plasmon coupling as described above but also by electron injection.[52] There are several 

ways to inject electrons which have been reported in literature like the utilization of 

electrodes[53] or the usage of conducting surfaces.[54] Mulvaney et al.[55] showed impressively 

that electron charging effects can simply be studied by electron loading. In the following I 

will briefly introduce their results. 

Mulvaney et al.[55] studied shifts in the resonance position of gold nanorod suspensions by 

introducing NaBH4. They determined severe shifts to the blue due to an increase in the 

electron density of the rods up to 50 nm depending on the dimensions of the rods. The 

shifts occurred after a few seconds, stayed stable for several hours and then red-shifted back 

in some cases although no full recovery of the resonance position was observed. The red 

shift is explained by the assumption that the electrons are transferred to water or to oxygen. 

Applying formula (2.3) and formula (2.2) to the following term which his valid for the 

description of absorption modes of plasmonic nanorods (L stands for the depolarization 

factor) 

( ) ( )1 ' 0mL ε Lε ω- + =   (2.22) 

the shift in the absorbance spectra, Δλ, can be quantified to: 

1( 1)
2 p m

ΔNΔλ λ ε ε
N L¥=- + -   (2.23) 

with the bulk gold plasma wavelength λp  = 130 nm. 
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There is a simple relationship between Δλ, the resonance position λ0 and the conduction 

electron concentration N: 

02
ΔN Δλ

N λ
=-   (2.24) 

This formula gives quick information about the amount of charge transfer just by determin-

ing the shift of an absorbance spectrum. These equations are only valid when particles are 

located in a medium with a high dielectric constant where high electron densities are 

present. This information provides a useful tool to estimate charge transfer and can help to 

trigger plasmon energies. 

 





 

 

Chapter 3 

Everything in the future is a wave, 

everything in the past is a particle.  

-- Lawrence Bragg 

3 The Plasmon Fluctuation Setup 

In general, sensor miniaturization is also related with a poor detection limit. It has to be 

differentiated between short-term noise in timescales up to 1 s and long term instabili-

ties.[56] In principle, all optical sensor devices operate by monitoring intensity values by a 

photodetector array. As the photon flux is usually converted into a current, the signal-to 

noise ratio can generally be expressed by 

( 1)
( )noise

signal I α
noise I var I

-
=

+
   (3.1) 

Thereby, I is the current related to the measuring signal, Inoise represents the intrinsic noise 

of the setup and α is associated with a change in the value of I. As I is the only parameter 

which is dependent of the sensor size the impact of this parameter becomes clear.[56] In the 

following I will present the Plasmon Fluctuation Setup with overcomes the limitations 

through a low spectral stability.  

The setup was developed by Dr. Irene Ament during her dissertation from 2008-2012 in the 

Sönnichsen Group. Consequently, at this point only information relevant to the following 

projects is presented. More details can be found in her thesis[57] and publication.[22] 
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3.1 Experimental Setup 

Within the scope of this PhD thesis a sensor technology to quantify kinetic processes on the 

molecular scale was needed. Therefore, in comparison to conventional dark-field micro-

scopes the Plasmon Fluctuation Setup shows significant improvements in terms of temporal 

resolution as well as signal-to-noise ratio (SN). This can be achieved by the construction 

presented in Figure 8. 

 
Figure 8. The Plasmon Fluctuation Setup. a) A 3D visualization is shown. The figure was kindly provided by S. Hein, 
University of Stuttgart and originates from Ament et al..[22] b) Schematic representation with focus on the beam path. 
Before the laser beam is coupled onto the sample, a beam splitter (BS) only couples out the visible spectral region 
(VIS) up to 750 nm while the infrared region (IR) is collected by a beam dump. The figure originates from literature [1] 
with slight variations.  

An upright transmission microscope (Zeiss Axioskop) is equipped with a total internal 

reflection (TIR) device for illumination. Therefore, a supercontiuum white light source 

(Koheras SuperK-Power) is injected via a glass half cylinder. The white light laser shows a 

wavelength range from 460 nm to 2400 nm. However, to avoid instability of the signal due 

to heating effects two optical filters were integrated into the beam bath so that the wave-

length range is cut at 750 nm. This leads to a total output power of approximately 

80 μW/mm2·nm. Gold nanoparticles which act as sensors are introduced into a ‘home-built’ 

flow cell and are electrostatically bound onto the glass surface by flushing with a 1 M 

solution of sodium chloride. The evanescent field illuminates the particles and their 

scattered light is collected by a 40x air objective (Zeiss CP-Achromat, NA 0.65). After 
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passing a dispersive element (Spectim ImSpector V8) the light is detected by an EMCCD 

camera (Andor iXon DV885). Additionally, a second slit which is situated at a 90 degree 

angle to the entrance slit of the dispersive element effectively shields light from areas of the 

chip which are not needed for data acquisition. The calibration of the pixel-to-wavelength 

relation of the camera was conducted through two different lasers (532 nm, 655 nm). For 

determination of the corresponding pixels the maxima were approximated with a Gaussian 

fit respectively. As a result, due to the stronger illumination source more photons reach the 

sample and are in turn scattered by the gold nanoparticles. The spectra are analyzed by a 

‘home-built’ software called Nanocenter based on MATLAB. The resonance wavelength is 

calculated through fitting with a Lorentz function and its changes over time (timetrace) are 

investigated (see Figure 9a). 

3.2 Setup Performance 

The applied EMCCD camera is equipped with a so called crop mode which allows a 

minimal exposure time of 30 μs. Without this special mode, spectra can be acquired with a 

maximal time resolution of 2.45 ms. In comparison to common dark-field microscopes 

equipped with a halogen lamp and a dark-field condenser, the temporal resolution is 

improved by 4-6 orders of magnitude.[57]  

The spectral stability is dependent of the dimensions of the sensor as well as of the chosen 

time resolution (see Figure 9b). In general, bigger rods show a more stable signal. Further-

more, the fluctuation amplitude increases with increasing time resolution. For measure-

ments in the standard mode, which includes a time resolution of 5-10 ms and medium rods, 

a signal with a standard deviation of up to 0.02 nm can be obtained over several minutes. 
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Figure 9. Data acquisition with the Plasmon Fluctuation Setup. a) Shift in the resonance wavelength over time 

(timetrace) of a single gold nanorod in aqueous medium. resλ  describes the mean value of the wavelength shift, 

 resσ λ  corresponds to the spectral noise. b) The spectral noise is dependent on the dimensions of the particles and 

decreases with exposure time. This figure originates from literature [57]. 

For the following scientific projects it was of prior importance to improve the signal-to-

noise ratio and consequently to obtain knowledge about the different noise sources and 

how they influence the signal under investigation. One major noise source is of course the 

white light laser. Dr. Irene Ament estimated a noise level of 1.5% for the millisecond regime 

and of around 3% for the microsecond regime.[57] Another noise source is the camera where 

three different kinds of noise can be classified. There is the shot noise which is dependent 

on the photon flux whereas the read noise is dependent on the gain. The third kind of 

noise, the dark noise, can be neglected for cooled EMCCD cameras.[58] 

In general, a measured signal Smeas consists of two kinds of signal: signal S and noise N. They 

can be considered as superposition where N should be independent from S: 

measS S N= +                    (3.2) 
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The challenge within the following described research projects lay in a reliable separation of 

the measured signal into S and N. Different kinds of noise show different behavior in the 

frequency domain. White noise usually arises from extremely fast thermal fluctuations of 

elementary particles. Consequently, as the measurement time is always slower than the 

fluctuation time white noise can be regarded as independent of the frequency regime and 

thus appears as a horizontal line in the power spectrum.[59] Another kind of noise is the so 

called pink noise which shows a 1/ν behavior for low frequencies. The origin often lies in 

correlated movements of charge carriers in electronic devices.[60] This is also the reason why 

data acquisition at higher frequencies is preferred. Noise with a 1/ν2 behavior is called 

Brownian noise or red noise which originates -as the name implies- from Brownian motion. 

There are also a lot of other noise sources. If the signal in the timetrace contains any 

periodicity, the power spectrum shows the characteristic frequency by a sharp peak.[61] 

Other causes like temperature, air pressure or the presence of electromagnetic fields can 

also contribute to instrumental noise. 

 
Figure 10. Power spectrum of a measured timetrace. The resonance spectra of one single gold nanoparticle in an 
aqueous medium were acquired for 10 min with an exposure time of 10 ms. The spectrum was calculated applying 
the Welch algorithm (further details see Chapter 5.3, section Data Evaluation). The pink regime and the red regime are 
approximated according to formula 3.3 respectively. 
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Figure 10 displays the power spectrum of a measured timetrace of a single gold nanoparticle 

in an aqueous medium. At higher frequencies (red) an almost horizontal behavior is found. 

The regime can be approximated with the following formula: 

by a x= ×                     (3.3) 

The parameter b can be determined to -0.06. Consequently, white, uncorrelated noise is 

present. The lower frequency regime (pink) can be described with a 1/x1.6 behavior (light 

blue). Consequently, to successfully distinguish the actual signal from instrumental noise 

the following things should be considered: 

1.) It should be measured at high frequencies. 

2.) The characteristic time constant of the kinetic system under investigation should 

ideally be above 0.1 Hz. 

Independent from this, a stable baseline signal with a minimal variance should be achieved. 

This can be realized by following several precautions: 

1.) The resonance wavelength can shift due to temperature variation.[62] To avoid effects 

like heating or convection due to the strong light source optical filters were integrat-

ed into the beam path (see Chapter 3.1). As a consequence, only wavelengths up to 

750 nm reach the sample whereas the energetic light in the infrared regime is cut 

out. Further, the Plasmon Fluctuation Setup itself should be stationed in a tempera-

ture controlled environment. 

2.) Interreflection of the white light laser on scattering surfaces, particularly on metals, 

should be suppressed. Consequently, the light path was enclosed and all surfaces 

were covered with blackout materials. 

3.) Another crucial point is the mechanical stability of the setup. A stabilizing “cage 

system” was built in other to prevent movement of the single devices relative to each 

other. 
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4.) Further, mechanical stress on the flow cell should be diminished. The tubing should 

be fixed with several pieces of tape. The change of the flowing fluid should be con-

ducted carefully and it should be measured with a constant flow rate.[57] 

5.) The resonance wavelength is highly dependent on the position of the sensing parti-

cle under investigation relative to the objective.[63] Therefore, drifts of the sample 

stage have to be suppressed. 

6.)  To minimize noise which originates from electronic devices (see remarks above) 

the whole Plasmon Fluctuation Setup should be switched on as soon as possible so 

that there is a maximal delay until the actual measurement takes place. This in-

cludes temperature cooling of the EMCCD camera. According to experience, a sta-

ble signal of the resonance wavelength over time is the sooner reached the longer 

the setup has been switched on. 

7.) Beyond, the new software, Nanocenter, allows now a live monitoring of the meas-

urement (see Chapter 3.1). When instability in the signal is observed it can be inter-

vened at once and the measurement can be saved.  

As a rule of dump, the signal gets stable after half an hour when all of these precautions are 

followed. 

Further developments on the Plasmon Fluctuation Setup should focus on a further decrease 

of the setup noise. As Dr. Irene Ament identified the laser as strongest noise source[22, 57] an 

automated parallel white light alignment seems reasonable. Within this project an efficient 

strategy to couple out a small percentage of the laser beam for parallel measurement has to 

be found. Some possibilities like the usage of filters or a needle to introduce scattering have 

already been tested. However, the filters introduced interferences and the applied materials 

were not stable under the influence of high temperatures. A higher sensitivity can be 

achieved by the usage of nanoparticles with a high aspect ratio. However, the resonance 

wavelength shifts to the near infrared and other strategies to diminish heating effects have 

to be developed. Beyond, as kinetic processes are also temperature dependent the develop-

ment of a temperature controllable flow cell construction appears path breaking. 





 

 

Chapter 4 

Sciene at its best provides us with better 

questions, not absolute answers. 

-- Norman Cousins 

4 Adsorption Behavior of Fibrinogen on the Single Molecule 
Level 

4.1 Introduction 

Whenever implants are inserted into our body complex tissue-biomaterial interactions 

occur.[64] As proteins adsorb on the surface within seconds the cells do not interact with the 

biomaterial itself but with the adsorbed protein layer. Consequently, unforeseen reactions 

might take place due to conformational changes of the adsorbed proteins and changes in 

the orientation of their functional sites.[65] The blood plasma protein fibrinogen (molecular 

weight: 340 kD) plays a central role in blood coagulation[66] and platelet adhesion[67] which 

leads to thrombogenesis. It is present in the circulatory system at a concentration of 

2.6 mg/ml[68] and thus plays a central role in tissue-biomaterial interactions. The investiga-

tion of conformational changes of fibrinogen after adsorption is sophisticated since the 

protein shows a unique shape (see Figure 11a). It was firstly characterized by Hall and 

Slayter[69] and can be described as a covalent dimer of 2 fibrin molecules with a total length 

of 48 nm. The D domains with a mean diameter of 6.5 nm are connected with each other 

through a central E domain which is 5 nm in size (see Figure 11b).[70] This so called 

trinodular structure has been visualized with high resolution by Atomic Force Microsco-

py.[71] Beyond, fibrinogen molecules show a high flexibility.[72]  
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Figure 11. Fibrinogen molecule. a) A 3D visualization is shown. The figure was kindly provided by Stephan Köhler, 
workgroup of Prof. Schmid/ University of Mainz.[73] b) Schematic representation including the sizes of the domains. 
Dimensions are taken from Agnihotri et al..[70] 

Because of its biological relevance it is of most importance to develop methods to study 

adsorption behavior of fibrinogen on materials for biomedical applications. Many methods 

cannot characterize adsorbed protein layers in their natural form due to necessary sample 

preparations.[65] Atomic Force Microscopy (AFM) on the contrary allows to study proteins 

under physiological conditions at the molecular level.[74] However, it does not resolve the 

adsorption process itself. Recently, Ament et al.[22] could follow adsorption of single 

fibronectin molecules on the gold surface of the plasmonic nanorod in real time (see Figure 

12a). Beside of the fact that single molecule detection is the ultimate goal in the field of 

sensor development[56] this resolution finds application to investigate conformational 

changes of biomacromolecules[75] and to study different kinds of binding events.[76] Time-

resolving the adsorption process itself a plasmonic redshift was observed within 1-2 

seconds which led to the conclusion that denaturation[77-79] was monitored (see Figure 12b).  

I applied this technique to follow the adsorption of fibrinogen on the gold surface of the 

sensor on a single molecule level and present the results within this chapter. The results are 

interpreted in context of the existing knowledge about the stages of fibrinogen adsorption 
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which is presented in Chapter 4.2 and should act as a further hint to complete this model. 

The procedure for the data analysis was conducted according to Ament et al..[22] 

 
Figure 12. Fibronectin adsorption. a) Timetrace of the resonance wavelength of a single gold nanorod when a 
protein solution containing 1.25 µg/ml of fibronectin is introduced. The black curve corresponds to the FFT denoised 
signal. One sketch indicates the adsorption of one single fibronectin molecule. In comparison, in a protein free 
solution no increase in the resonance wavelength is monitored. b) 8 individual adsorption events from one timetrace 
(purple) are averaged (black). An exponential increase of the resonance wavelength is observed. Both figures 
originate from literature [57]. 

4.2 Theory 

4.2.1 Protein Adsorption 

Protein adsorption can be regarded as a complex process. Therefore, the properties of all 

components of the system under investigation have to be considered: the protein, the 

surface and the surrounding medium.[68] Proteins are hydrophilic as they are defined by its 

charged amino acid subunits which arrange at the outside of the protein.[80] Consequently, 

protein-material interactions occur via the end groups or rather via the collectivity of 

protein end groups and accumulated molecules of the medium. Due to Gibbs law 

ads ads adsG H T SD =D - D                  (4.1) 

a) b)

time  in mstime in s
0 200 400 600 800

0

1

2

3

4

w
av

el
en

gt
h 

sh
ift

 Δ
λ r

es
in

 n
m

∆tstep

protein free solution
0 2000 4000 6000 8000

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0
re

so
na

nc
e 

sh
ift

 i
n 

nm



28 | C h a p t e r  4 :  A d s o r p t i o n  B e h a v i o r  o f  F i b r i n o g e n  
 
 

 

the free energy G is negative when the product of the temperature T and the entropy S is 

bigger than the enthalpy. When this is realized spontaneous adsorption occurs.[81] The size 

of the protein also plays an important role. As bigger proteins show more binding amino 

acids on the outside they are obviously capable to interact better with the surface. However, 

in a competitive situation between proteins of different sizes smaller ones adsorb first which 

are only replaced by bigger competitors afterwards. This effect is called Vorman effect.[82] 

As proteins can be regarded as hydrophilic there is a higher affinity for hydrophobic 

surfaces. It can be distinguished between soft proteins which can adsorb to both hydropho-

bic and hydrophilic surfaces and hard proteins which show a high preference for hydropho-

bic surfaces.[83] The surface can mainly be characterized by the kind of material, its rough-

ness and texture. For example, metals which are often integrated in implants show a 

negatively charged free electron cloud.[23] In general, this leads to a low affinity for proteins. 

However, in our bodies metals tend to corrode[84] and the resulting oxidation can increase 

the affinity. In general, a higher roughness leads to more binding sites and thus to a higher 

adsorption rate.[85] 

On the surface, strong conformational changes of the proteins occur. This phenomenon is 

discussed using the example of fibrinogen in the following chapter. 

4.2.2 State of the Art: Adsorption Behavior of Fibrinogen 

This chapter gives a short summary about what is already known about the adsorption 

behavior of fibrinogen on the single molecule level with a focus on the timescales at which 

the different stages of the adsorption process (see Figure 13) occur. It is well known that 

interactions between proteins and surfaces and the resulting conformational changes[86] are 

strongly influenced by surface conditions.[87-89] Consequently, the adsorption behavior of 

fibrinogen has been studied on different kinds of surfaces. Often, it was distinguished 

between hydrophobic and hydrophilic surfaces.[68, 90, 91] Fibrinogen adsorption occurs on 

both kinds of surfaces but there is a slightly higher affinity for hydrophobic surfaces where 

the degree of denaturation is higher.[68] On hydrophobic surfaces, fibrinogen unfolds and 

increases the favorable interactions with the substrate whereas in case of a hydrophilic 
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surface, angle narrowing between the two D domains occurs.[90, 91] As a side remark: The 

surface of clean gold is regarded as hydrophilic,[92] whereas colloidal gold can be classified as 

hydrophobic.[93, 94] In general, at low concentrations the time between single adsorption 

events is higher and thus, the proteins have more time to unfold and occupy a larger area on 

the surface before another molecule adsorbs nearby.[91] Hemmerle et al.[95] stated that the 

adsorption occurs through the D or E domains. With the help of the force spectroscopy 

mode of Atomic Force Microscopy (AFM) they found out that the minimal interaction time 

for a fibrinogen molecule is about 50-200 ms. Ongoing simulations suggest a high flexibility 

between the two D domains in the nanosecond regime.[73] Furthermore, the complete 

denaturation process is known to take minutes up to hours. Agnihotri et al.[70] observed 

structural changes of fibrinogen during adsorption by measuring the height of the three 

domains via AFM. Over time, these heights decreased due to spreading of the protein and 

its trinodular structure was lost within 130 min. Beyond, experimental[96] and theoretical 

studies[97] come to the conclusion that monolayer instead of multilayer adsorption occurs. 

 
Figure 13. Schematic representation of different stages of fibrinogen adsorption on a solid surface. Stage 1: Protein 
attaches on the surface. Stage 2: Two domains are attached. Stage 3: Middle domain attaches to the surface. Stage 4: 
Protein is completely denaturized. 

Bringing all this information together, this leads to a classification of the fibrinogen 

adsorption process into four different stages (see Figure 13). First, adsorption occurs via the 

D or E domain of the protein. This is known to happen within milliseconds[95] and appears 

ns ? s ? min – h   m   
msmin – h   1
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as one step in my presented experiments. As the two D domains are quite flexible in 

solution[73] the second D domain probably adsorbs at the nanosecond timescale (stage 2) 

and  is (currently) not resolvable with the Plasmon Fluctuation Setup. At the moment, there 

is no information available at which timescale the bending of the middle domain towards 

the surface and thus the collapse of the trinodular structure occurs (stage 3). On the 

contrary, the whole denaturation process is known to take place within hours (stage 4).[70] 

4.3 Experimental Details 

Materials Phosphate buffered saline (PBS), sodium chloride and sodium thiosulfate were 

bought from Sigma and dissolved in de-ionized water. Right before application, the buffer 

was filtered (0.02 μm pore size). Fibrinogen (341576-100 MG) was purchased from Merck 

and dissolved in PBS. Therefore, a solution with a concentration of 1 mg/ml was dialyzed 

for 12 hours. The filter size was 3.5 MWCO (molecular weight cut-off). For measurements, 

dilutions of 5-10 μg/ml were used. As sensors, gold nanorods with a mean resonance 

wavelength λres of 635 nm and mean dimensions of 35 nm x 78 nm (for further details see 

appendix C1) were used. The synthesis was conducted according to Nikoobakht et al.[98] (for 

further details see appendix A1). 

Sample Preparation The flow cells were self-made and consisted of a glass capillary with 

dimensions of 100 mm x 2 mm x 0.1 mm affixed to flexible tubes. The flow cells were built 

into the microscope with immersion oil deposited between flow cell and prism. For 

immobilization of the gold nanorods on the glass surface a 1M solution of sodium chloride 

was used. To remove the surrounding cetyl trimethylammonium bromide (CTAB) and 

silver bromide, the particles were incubated with a solution of sodium thiosulfate 

(50 μg/ml) for 45 min and after that rinsed with water and PBS. After stability of the 

resonance wavelength was reached, the fibrinogen solution was introduced. The measure-

ments were conducted under continuous flow generated through gravitational force. 
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Setup For measurements the microscope as described in Chapter 3 was applied. The 

exposure time was amounted to 5-15 ms and the readout time to 3.78 ms. The resonance 

wavelength of one single gold nanorod was monitored over time (timetrace). 

Data Evaluation The data analysis was conducted according to Ament et al..[22] Single 

adsorption events appeared as discrete steps in the timetrace which were recognized via 

histograms and approximated through multi-Gaussian fits. Thereby, the size of one step, 

Δλstep, corresponds to the difference between the maxima of two neighboring peaks. The 

time between two steps, Δtstep, equals the area. To determine the time of two following steps 

the parameters a, b and c of the Gaussian fit were extracted: 

( )
2

exp( )x bf x a
c
-

= × -                  (4.2) 

As the full width at half maximum, FWHM, is related to the standard deviation of a 

Gaussian distribution as follows: 

2 2 2 FWHM ln σ= × ×                   (4.3) 

the FWHM can be determined:   

2  2FWHM ln c= × ×                   (4.4) 

Then, the number of counts, Ncounts, can be calculated: 

counts

FWHM BN a
λ

×
= ×

D
                  (4.5) 

with max minλ λ λD = -                    (4.6) 

Thereby, B represents the binning used for calculation of the histograms whereas λmin and 

λmax represent the minimal and maximal resonance wavelength within the applied timetrace 

sequence respectively. Finally, the time between two steps corresponds to: 
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counts waitt N t×=                    (4.7) 

twait is the sum of exposure time and acquisition time. 

4.4 Results and Discussion 

For the investigation of single protein adsorption events, the gold nanorods were immobi-

lized on the surface of the glass capillary. Spectra of one single particle were acquired and 

the changes in the resonance wavelength over time were monitored (timetrace). As proteins 

show a refractive index of about 1.5[99] the adsorption led to a red shift in the resonance 

position and adsorption isotherms could be followed. By applying protein solutions in quite 

low concentrations the critical point can be reached were discrete steps within one time-

trace appear.[22, 57] Figure 14 shows a timetrace following the protein adsorption while 

rinsing with a buffer solution containing 5 μg/ml of fibrinogen. For better visualization, a 

display window is shown where discrete steps are illustrated by sketches. Further adsorp-

tion isotherms can be found in appendix E. Discrete steps were identified through histo-

grams. Thereby, the peaks were approximated with a multi-Gaussian fit. The difference in 

the maxima of two neighboring peaks corresponds to the step size, Δλstep, and the area 

equals the time between two steps, Δtstep. This strategy was developed by Ament et al..[22, 57] 

Alternatively, a step-finding algorithm could be utilized. For example, Zijlstra et al.[100] who 

also developed a method with the sensitivity for single protein detection based on photo-

thermal imaging used a step-finding algorithm developed by Kerssemakers et al..[101] 

However, when Andreas Neiser (former PhD student of the Sönnichsen group) applied this 

algorithm on the data of Dr. Irene Ament only a less accurate determination of the discrete 

steps could be achieved. 
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Figure 14. Adsorption isotherm during incubation with fibrinogen. A timetrace of the resonance wavelength of a 
single gold nanorod during attachment of single fibrinogen molecules (left) is shown. A concentration of 5 µg/ml was 
applied. For better visualization, a display window is shown (right). The sketches mark the position of discrete steps in 
the resonance wavelength which were identified through the corresponding histogram. The time between steps,  
Δtstep, and the step size, Δλstep, were determined and evaluated. 

 
Figure 15. Evaluation of the time between steps. a) Probability of the number of steps within the mean time 
between two steps for 4 different timetraces. b) Probability of fibrinogen attachment events under the assumption 
that 2 steps directly behind each other are regarded as one adsorption event.  

In order to investigate the time between events the mean time between steps within one 

timetrace was calculated. Thereafter, the trace was divided into equidistant sections and 

number of steps was counted (see Figure 15a). An irregularity in the time between steps was 
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found as it becomes apparent, that with most probability either 0 or 2 events occur within 

one section. Or in other words: a first short time sequence is followed by a second, longer 

time interval. If steps appearing within one equidistant section are grouped, are thus 

regarded as one unit and the described procedure is applied once more (see Figure 15b), a 

Gaussian distribution is found (see appendix E, Figure 46). These results allow a classifica-

tion into two different kinds of time intervals. The first time interval corresponds to the 

time between two following steps within one time section. The second one equals the time 

between two neighboring units. Table 1 gives an overview about the values of these intervals 

for different concentrations. 

Table 1.  Classification of the time between steps into two different time intervals. The first one corresponds to the 
time between two following steps within one time section. The second one equals the time difference between two 
neighboring units. The values are shown for different concentrations. For better comparison, only the respective first 
five time intervals are considered in the second case. 

concentration in µg/ml 5 7.5 10 
time interval 1 6.9 7.9 7.3 
time interval 2 43.4 33.7 22.3 

 

The first time interval is independent from concentration while the second one decreases 

when higher concentrations are applied. To further investigate the concentration depend-

ency of this second time interval the correspondent attachment frequencies were calculated 

and compared with theoretical expectations. The attachment frequency is dependent on the 

utilized concentration of the protein and can be calculated according to formula 4.8.[102]  

rodN c A D t= × × ×   (4.8) 

Thereby, N is the number of adsorbed proteins after time t. D describes the diffusion 

constant. For calculations, a literature value of 1.8∙10-7 cm2/s[103] was applied. Arod represents 

the surface area of the rod. In principle, the diffusion constant D can also be calculated 

according to the Einstein-Stokes law: 

6
Bk TD

π η r
×

=
× × ×   (4.9) 
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Thereby, kB represents the Boltzman constant, T the temperature, η the viscosity and r the 

protein radius. As fibrinogen does not have a spherical but a trinodular structure a mean 

radius is difficult to determine and thus the literature value was applied. Figure 16 shows 

the theoretical values for the attachment frequency in dependence of the concentration 

(blue). The time between events according to experiment were extracted from measured 

timetraces with concentrations ranging from 5-10 μg/ml (red). Within this concentration 

regime, adsorption occurred in a way so that a certain number of steps became visible 

within a reasonable measurement time on the one hand. On the other hand, the probability 

that more than one protein adsorbs at the same time was low. In all cases, only the first five 

events were considered.[104] An event is defined as unit of the steps which occur within one 

section as described above. With increasing concentration the attachment frequency 

increases, too. Derivations between experimental and theoretical values could arise from 

the fact that no probability of adsorption was considered.[57]  

 
Figure 16. Dependency of the attachment frequency on the utilized concentration. The figure shows measured data 
(red) as well as theoretical data (blue). The error bars correspond to the accuracy of the determined values for the 
time values. The theoretical data points were calculated with a MATLAB script, see literature [1]. 
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Figure 17. Evaluation of the step size. a) Step sizes extracted from three different timetraces. b) The shift of the 
resonance wavelength of a gold nanorod is dependent on which position protein adsorption occurs. The tip is in 
general more sensitive than the side of the rod. 

All in all, the two different time intervals can be characterized as shown in Table 2. The first 

time interval is invariable in time and independent of the concentration. Slight variations in 

the value probably originate from differences in the utilized sensor size. The second time 

interval is variable in time and dependent on the concentration as well. 

Table 2. Characterization of the two time intervals in means of time and concentration. 

time interval 1 2 
time invariable variable 
concentration independent dependent 

 

This in turn leads to the assumption that 2 steps directly behind each other belong to the 

adsorption of one single fibrinogen molecule or in other words the adsorption event of one 

single fibrinogen molecule is resolved as a 2-step process.  

The size of one step is dependent on the size of the adsorbed particle. As the D domains of 

fibrinogen have slightly other dimensions than the E domain (compare with Figure 11b) the 

shift height can in principle provide information about which domain adsorbs first or in 
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which order. However, the height of the shift is also dependent on the attachment position 

(see Figure 17b). As fibrinogen is nearly as long as the sensor itself its domains certainly 

adsorb on entirely different positions of the rod. This makes the examination if there is any 

history dependency in the step size difficult (see Figure 17a). 

4.5 Conclusions and Outlook 

In summary, the adsorption of single fibrinogen molecules was followed by monitoring the 

resonance wavelength of single, plasmonic nanorods over time. Discrete steps in the 

timetrace were identified by histograms and the times between steps as well as the step sizes 

were calculated. Statistics on the time between steps led to the assumption that the adsorp-

tion process is resolved as a two-step process. Putting this result into context with the 

existing knowledge about the adsorption behavior of fibrinogen (see Chapter 4.2) this leads 

to the assumption that the observed two-step process in my experiments arises from stage 

1, the adsorption of the protein itself, and from stage 3, the bending of the E domain 

towards the surface which would then occur within milliseconds. However, up to now there 

is no publication about the timescale of this third stage. Thus so far, this is only a hypothesis 

which will be approved or disapproved by ongoing simulations. 

All in all, I have shown that the Plasmon Fluctuation Technique does not only reach the 

limit of single-molecule detection[22] but can also be applied to study conformational 

protein dynamics. In comparison to other techniques, this method shows a high signal-to-

noise ratio without the necessity of labeling the target with a fluorescent dye. This opens a 

window to study these conformational changes under different conditions such as different 

surface modifications or environments and get a deeper understanding about biological 

processes. 

 





 

 

 
Chapter 5 

There is an infinite number of wrong 

ways to get the right answer.  

-- A .D. McLean 

5 Equilibrium Coverage Fluctuations as New Method to 
Quantify Adsorption Kinetics 

5.1 Introduction 

Surfactants play an important role in our daily life. There are a lot of useful applications like 

cosmetics, pharmaceuticals, detergency, wetting films or stabilization of dispersions.[105, 106] 

Consequently, it is necessary to characterize and quantify surfactant kinetics. Surfactant 

behavior in solution has already been intensely investigated.[107] The calculation of the on- 

and off-rates which describe the exchange of surfactant monomers between micelles and 

solution can be extracted by temperature-jump and pressure-jump experiments[108] in 

combination with theoretical models.[109] On the contrary, quite little is known about 

surfactant behavior at interfaces.[107] Ward et al.[110] set basis to study surfactant behavior at 

liquid-liquid as well as at air-liquid interfaces by measuring the time dependency of 

boundary tensions of solutions. Information about surfactant adsorption and desorption at 

the solid-liquid interface has so far been collected through a various number of techniques. 

Turner et al.[106] used Neutron Reflection (NR) and Attenuated Total Reflection Infrared 

Spectroscopy (IR-ATR) to quantify the adsorbed amount and position relative to an 

interface of adsorbed molecules. To identify different types of structures surfactants can 
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form on a solid surface Atomic Force Microscopy (AFM) has been applied.[107, 111-113] While 

NR and IR-ATR do not provide any information about surfactant kinetics AFM allows 

some indirect quantification of the longetivity of surface micelles.[112, 114, 115]  

To quantify the rate constants which fully describe the adsorption kinetics adsorption and 

desorption are usually followed over time (adsorption isotherms). The change in the 

surface coverage can be monitored by several techniques. Appling quartz crystal microbal-

ance (QCM) frequency changes are monitored over time.[116] Optical techniques like 

ellipsometry (ELL)[117] or surface plasmon resonance (SPR)[118-120] quantify surface coverage 

via changes in the optical thickness. Cantilever Arrays have also been used recently.[121] The 

resulting adsorption isotherms are then fitted with the corresponding rate equation. 

However, this method has to deal with several disadvantages. As mentioned above, the 

experiments have to be conducted with a high flow rate to avoid mass transfer interference. 

Second, long term drifts in the measuring signal falsify the results. Third, the available 

surface function (ASF) which is crucial to mathematically describe the adsorption iso-

therms cannot be expressed analytically. Forth, at higher coverages when the so called 

jamming limit is overcome adsorption is expressed in a 2-step process. However, it is not 

realistic to measure this second step as this effect occurs at a timescale of around 106 s.[122] 

Levchenko et al.[105] measured the adsorption on and desorption from self-assembled 

monolayers on gold of sodium dodecyl sulfate vi a SPR. Thereby, a lot of effort was put on 

avoiding mass transfer interference through the utilization of high flow rates and the 

kinetics could only be described via half-times and initial rates as the Langmuir equation 

could not describe the experimental data. Further, Clark et al.[107] used attenuated Total 

Reflectance Fourier Transform Infrared Spectroscopy (ATR- FTIR) to quantify adsorption 

kinetics of tetradecyltrimethylammonium bromide (CTABr). They analyzed surfactant 

exchange processes between C14TABr and perdeuterated C14TABr-d38. Unfortunately, these 

experiments also suffer from mass transfer complications. All in all, a huge variety of 

calculated rate constants to describe surfactant adsorption on solid interfaces exists. While 

some researchers believe that equilibrium of surfactant adsorption is reached within 

hours[123, 124] others are convinced that the process is much faster and equilibrium is reached 

within seconds.[125] At least, there is an agreement that the rate constants are slower than the 
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corresponding rates in bulk which can result from the fact, that the exchange process in 

itself is slow or that the desorption is hindered through surface aggregates.[107]  

Consequently, there is a need for a new technique to quantify the rate constants which 

overcomes the described limitations. One novel approach could be to observe coverage 

fluctuations in equilibrium. This strategy has already been investigated theoretically with 

the help of Monte-Carlo simulations in 2005 by Prof. Janshoff.[126, 127] Nevertheless, no 

sensor technology has so far shown a sufficient signal-to-noise ratio to demonstrate this 

principle experimentally. 

In the following chapters I will first give an introduction to equilibrium coverage fluctua-

tions (see Chapter 5.2.1) and I will give an overview about what is already known about the 

adsorption behavior of surfactants (see Chapter 5.2.2). In the experimental section, I will 

first evaluate the new method itself (see Chapter 5.4.1). Therefore, I will demonstrate the 

principle how the characteristic time constant τ can be determined through one single 

measurement. Second, I will discuss different ways for the calculation of the rate constants 

kon and koff. Further, possibilities to optimize the signal-to-noise ratio will be discussed. 

Then, in Chapter 5.4.2 the adsorption behavior of the utilized surfactant sodium dodecyl 

sulfate will be investigated. Beyond, possible explanations why SDS causes a blue shift in the 

resonance wavelength of the sensor will be discussed in Chapter 5.4.3. 

For data evaluation, the power spectra were calculated with the Welch algorithm. The script 

was developed by Dr. Andreas Henkel. At this point I also want to thank Prof. Dr. Andreas 

Janshoff and Prof. Dr. Burkhard Geil for helpful discussion. 

5.2 Theory 

5.2.1 Equilibrium Coverage Fluctuations 

This chapter deals with a basic understanding of adsorption and desorption kinetics of 

particles on solid surfaces in solution. Further, it is shown how to quantify the characteristic 

rate constants via observation of equilibrium coverage fluctuations. This approach has been 
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developed and published by Eike Lüthgens and Andreas Janshoff. Consequently, the 

flowing description is based on their publication in ChemPhysChem[126] and on the disserta-

tion of Eike Lüthgens.[127] 

Already in 1918 a simple mathematical model to describe adsorption kinetics of small 

molecules was developed by Langmuir:[128] 

( )2
on bulk max off

Θ k πa ρ Θ Θ k Θ
t

¶
= - -

¶
  (5.1) 

with the analytical solution: 

( )[ ]21 exp( )eq on bulk offΘ Θ k πa ρ k t= - - +   (5.2) 

and 

1
2(1 )off

eq max
on bulk

k
Θ Θ

k πa ρ
-= +   (5.3) 

Thereby, the time dependent surface coverage Θ is described by the rate constants kon 

(adsorption) and koff (desorption) as well as by the radius a and the density of molecules in 

solution ρbulk. Θmax refers to the maximal coverage Θmax=1 and Θeq is the coverage at equilib-

rium. This formula is only valid, if only the formation of a monolayer is taken into account 

and if the particles do not interact with each other. For larger molecules like proteins these 

equations are not valid any more, as a particle can occupy several lattice sites. Consequently, 

a so called available surface function (ASF), Φ(Θ), has to be considered:[129] 

( )2
on bulk off

Θ k πa ρ Φ Θ k Θ
t

¶
= -

¶
  (5.4) 

The ASF can be regarded as a probability for a successful adsorption event.[127] This formula 

has to be solved numerically as no analytical solution is possible.[130] Schaaf and Talbot 

published the following solution for the ASF (here until third order):[129] 
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( ) 2 36 31 4 2.4243Φ Θ Θ Θ Θ
π

= - + +   (5.5) 

Up to a mean coverage of 10% the series expansion up to the first order is sufficient to 

describe adsorption kinetics. Until a mean coverage of 25% the series expansion up to the 

second order can be utilized. Taking the third order into account, mean coverage up to 35% 

can be described.[126, 127] For further details on derivations have a look at Ruckenstein[131] and 

Adamczyk et al..[132] 

Adsorption kinetics are drastically influenced by mass transport effects. This means that a 

depletion of adsorbents in the directly surrounding solution occurs. The adsorption 

kinetics are consequently limited through convection and diffusion and the calculated kon-

and koff-values are falsified. The transport of the adsorbents to the surface is described 

through the rate constant ktr. The transport is mathematically described by Adamczyk et 

al.[133, 134] through: 

j 0bulkρ
t

¶
+Ñ =

¶

 

   (5.6) 

with 

B

jj D
k Tbulk bulk konv

Φρ ρ
é ùÑ

=- Ñ + +ê ú
ê úë û

 

  (5.7) 

Thereby, j


 describes the flux density vector,


D the tensor of diffusion,Φ the interaction 

potential of wall and particle whereas jkonv



refers to particle flux vector. Taking initial and 

boundary conditions into account the adsorption kinetics can be describes through: 

( )2

1 ( )

on bulk off

on

tr

k πa Φ Θ ρ k ΘdΘ
kdt Φ Θ
k

-
=

+
  (5.8) 

The characteristic rate constant ktr can be calculated through: 
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20.78( )tr

α υDk
R

¥=   (5.9) 

𝑅 refers to the radius of the flow cell and h is the distance of the delivery port to the place 

where adsorption takes place. The prefactor α0 depends on the Reynolds number. For 

further details on the derivation of this formula have a look at the corresponding publica-

tions[133, 134] or at the PhD thesis of Eike Lüthgens.[127] In summary, several processes between 

absorbents and the surface are possible in the solution face as shown in Figure 18. 

 
Figure 18. Schematic representation of the possible processes at the solid-liquid interface which are classified by 
different kinetic constants. The transport of a particle to the surface is described by ktr. kon describes adsorption on 
and koff desorption off the surface. Irreversible binding is characterized by kirr and structural changes of the adsorbed 
particle (e.g. denaturation) by krup. The figure is prepared in dependence on the dissertation of Eike Lüthgens.[127] 

E. Lüthgens and A. Janshoff[126] proposed a new method to extract the rate constants within 

one single experiment: to measure adsorption and desorption processes in equilibrium. A 

reversible adsorption and desorption can be expressed through: 

12

21

k
A Bk

N N¾¾®¬¾¾   (5.10) 

with 

  B AN N N= -   (5.11) 

kon

ktr

kirr

koff

krup
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Thereby, NA describes the number of molecules in the bound state and NB the number of 

molecules in solution with the rate constants k12 and k21. In the beginning, the sensor 

surface is empty: 

( )0 0AN t = =   (5.12) 

NA can be written as: 

[ ]( )21
12 21

12 21

( ) 1 exp ( )A

kN t N k k
k k

= - - +
+   (5.13) 

with the autocorrelation 

( ) [ ]12 21( ) exp ( )a a
A AδN t δN t t k k t+ µ - +   (5.14) 

and the power spectral density (PSD) 

2
2

c( )
1 (2 )A

τδN ν
πντ
×

=
+   (5.15) 

with the amplitude c 

4 (1 )A
A

Nc N
N

= × × -   (5.16) 

and the kinetic time constant τ: 

 1  ( )on offτ k k -= +   (5.17) 

with  on onkk c= ×   (5.18) 

Then the mean surface coverage can be expressed via: 





on

on offk
Θ k

k
=

+
  (5.19) 
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Taking the ASF into account, the formula 5.15 can be modified to: 

( )
( )

2
2

2

4 a 1 4
( )

A 1 2A

τ Θ π Θ
δN ν

πντ
-

=
é ù+ê úë û

  (5.20) 

with the radius of the adsorbates a and the surface area of the sensor A. τ is connected to 

the rate constants and the mean coverage Θ  via 

 1(4 )on offτ k k -= +   (5.21) 

and 



4
on

on off

Θ
k

k
k

=
+

  (5.22) 

 
Figure 19. Schematic demonstration of how the rate constants can be determined through observation of 
equilibrium coverage fluctuations. From the temporal fluctuations (left) the autocorrelation and power spectrum can 
be calculated. The time constant τ can be calculated by either fitting the autocorrelation exponentially or by 
describing the power spectrum with a single Lorentzian. This figure was prepared in dependence on the dissertation 
of Eike Lüthgens.[127] 

Mass transport does not have to be integrated into this formula as the flow rate only 

influences the thickness of the boundary layer but not the number of adsorbates that are 
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exchanged between sensor surface and solution at a certain unit of time. For further details 

on the derivation of these formula have a look at the PhD thesis of E. Lüthgens.[127] To 

determine the rate constants the measured signal following equilibrium coverage fluctua-

tions can either be transformed into the frequency domain and the resulting power 

spectrum can be approximated with a single Lorentzian. Alternatively, the corresponding 

autocorrelation can principally be approximated with an exponential fit (see Figure 19). 

In meantime Jokic et al.[135, 136] demonstrated in 2012 the influence of mass transport on 

theoretical basis and extended the Janshoff-model. Consequently, this argument has to be 

surveyed when evaluating this method experimentally. 

Until today, no sensor technology has shown a sufficient signal-to-noise ratio to be able to 

resolve coverage fluctuations in equilibrium since the variance of fluctuations is indirect 

proportional to the sensor surface.[126] In ideal case, the size of the sensor should be close to 

the size of the particles/molecules under investigation (see Figure 2, Chapter 1).  

5.2.2 Adsorption Behavior of Surfactants 

In the following I present a summary of what has so far been found out on surfactant 

adsorption at the solid-liquid-interface (also compare with Figure 20). By enchanting the 

surfactant concentration the adsorption and desorption rates also increase.[105] Above the 

critical micelle concentration (CMC) the adsorbed amount as well as the rate constants 

remain constant.[105, 106] The adsorption is considered to be a 2-step process. First, diffusion 

from bulk solution to the subsurface occurs. Second, transport from the subsurface to the 

surface and subsequent adsorption takes place.[137] Following the adsorption over time, a 

biphasic behavior at low concentrations was observed. An initial fast rate is followed by a 

second, slower rate. Therefore, the Langmuir kinetic model does not give a good empirical 

approximation.[105, 106, 137] When the equilibrium state is reached the responding signal 

becomes independent of the flow rate.[105] High flow rates are necessary in experiments to 

determine the rate constants of the system under investigation, i.e. via SPR, so that mass 

transfer limitations are negligible. Therefore, many control experiments have to be con-

ducted under variation of the flow rate.[105, 137] Surfactants can form micelles on solid 
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surfaces. The critical concentration of surfactants at which surface aggregates at solid-

solution interfaces are formed (CSAC) is close to or at the CMC.[105, 137] Many details about 

micelle formation on surfaces are unclear.[106] There exist different types of surface micelles 

on solid surfaces like hemicylinders, cylinders, hemispheres or spheres. Charged surfactants 

preferably form hemimicelles on hydrophobic surfaces whereas on hydrophilic surfaces 

micelles form full micellar structures. The kinetics of adsorption and surface micelle 

formation for hemicylinders are believed to be a slower process than for adsorption and 

formation of hemispheres.[105] The presence of ions in solution decreases the critical micelle 

concentration. Besides, it has a big effect on adsorption behavior. Paria et al.[137] showed that 

the kinetics of sodium dedecylbenzenesulfonate differ when using the same surfactant 

concentration but a different concentration of potassium chloride. The rates were higher 

with increasing salt concentrations. Furthermore, they investigated the effect of valency of 

counterions and of coions.  

 
Figure 20. Schematic representation of the different processes of surfactants that occur in solution and at the solid-
liquid interface. In solution exchange of molecules between bulk micelles and solution takes place (1). At the solid-
liquid interface adsorption and desorption occurs (2) as well as the formation of different kinds of surface micelles (3). 
This figure was prepared in dependence of Levchenko et al.[105] and the dissertation of Eike Lüthgens.[127] 

(1) kon, bulk & koff, bulk
(2) kon, surf & koff, surf
(3) kon, rear. & koff, rear.

(1)

(3)
(2)
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5.3 Experimental Details 

Materials Phosphate buffered saline (PBS), sodium dodecyl sulfate (SDS), sodium chloride, 

sodium thiosulfate, cysteamine hydrochloride and 1-dodecanethiol were purchased from 

Sigma. Ethanol (absolute) was bought from VWR. PBS was dissolved in de-ionized water 

according to instruction. SDS was dissolved in PBS with an ultrasonic bath and filtered 

(0.02 μm pore size) right before usage. On the basis of a 34 mM stock solution, the dilutions 

applied in the experiments were produced. Gold nanorods of medium size were utilized as 

sensors. For further details on sensor dimensions and synthesis see appendix A1 and C1. 

Sample Preparation The flow cells consisted of a glass capillary (dimensions 

100 mm x 2 mm 0.1 x mm) and flexible tubes. To match the reflective index, immersion oil 

was deposited between flow cell and half cylinder. The gold nanorods where first immobi-

lized on the glass surface with a 1M solution of sodium chloride, incubated with a 50 μM 

solution of sodium thiosulfate for 45 min and then rinsed extensively with water. Sodium 

thiosulfate removes the surrounding cetyl trimethylammonium bromide (CTAB) and silver 

bromide of the nanorods. As model for hydrophobic and hydrophilic surfaces self-

assembled monolayers of 1-dodecanethiol and cysteamine hydrochloride were applied 

respectively. Therefore, the thiols where dissolved in ethanol (concentration: 5 mM) and 

rinsed into the flow cell. The incubation took place over night (approximately 16 hours). To 

avoid evaporation of the solvent, the tubing was sealed with parafilm. Afterwards, the flow 

cell was rinsed with 10 ml of ethanol, 5 ml of water and then with PBS until the stability of 

the resonance wavelength was reached. From Chapter 5.4.1.2 onwards all experiments were 

generally conducted with 1-dodecanethiol functionalized sensors. Exceptions are the 

experiments presented in Figure 29 and Figure 34. The SDS solutions were introduced via 

gravitational flow and all measurements were conducted under continuous flow (flow rate: 

3·10-4 m/s), too. 

Setup The microscope as described in Chapter 3 was used. The exposure times ranged from 

3 ms to 10 ms with a readout time of 3.78 ms. 
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Data Evaluation For the determination of the fluctuation amplitude σ only short timetrace 

sequences of 60 s were considered. The timetraces were divided into 5 equidistant pieces 

and the mean values as well as the standard deviations were calculated respectively. For the 

calculation of the power spectrum the mean value of the resonance wavelength was 

determined and the value was subtracted. Then, the Welch algorithm was applied. There-

fore, a timetrace is cut into several equidistant pieces with some overlap and the spectra are 

averaged. Usually, a segment length of 214 data points and an overlap of 99% were chosen. 

The value of the time constant τ was extracted by fitting the power spectrum with a single 

Lorentzian. As the Lorentzian behavior of the measured signal slightly overlapped with the 

1/x1.6 trend of the instrumental noise (see Chapter 3.2) the fit of one power spectrum was 

conducted several times under variation of the fitting boundaries and the averaged value 

and standard deviation are given respectively. 

5.4 Results and Discussion 

5.4.1 Equilibrium Coverage Fluctuations as New Method to Quantify Adsorption 

Kinetics 

5.4.1.1 Principle 

To demonstrate the principle of the determination of the rate constants through observa-

tion of equilibrium coverage fluctuations the gold nanorods were first immobilized on the 

surface of the glass capillary and then incubated with sodium thiosulfate to completely 

remove the CTAB layer which was indicated by a blue shift of 1.6 nm (the timetrace is 

displayed in appendix F, Figure 48). The surface of the sensor became hydrophobic.[93, 94] 

After monitoring the resonance wavelength of a single gold nanorod over time in PBS 

buffer as reference a solution containing 1.7 mM sodium dodecyl sulfate was introduced 

(see Figure 21a). On the one hand, PBS was utilized to increase the rate constants and thus 

to reduce the measurement time. On the other hand, a pH stable medium was necessary 

due to the surface modification of the sensor. The CMC of SDS in pure water is 8 mM[106] 

whereas in a 0.2 M solution of sodium chloride the CMC is reduced down to 0.9 mM (see 

appendix F).  
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Figure 21. Adsorption of sodium dodecyl sulfate on the surface of a blank gold nanorod. a) Timetrace of the 
resonance wavelength of a single gold nanorod. It was first rinsed with PBS buffer (baseline, dark blue) and then a 
buffer solution containing 1.7 mM SDS was introduced. A blue shift and an increase in the fluctuation amplitude can 
be observed (red). The insets display magnifications of the baseline and of the equilibrium coverage fluctuations. b) 
The power spectrum of the equilibrium coverage fluctuations of SDS (red) can be described by a single Lorentzian 
(light blue). For comparison the power spectrum of the baseline in PBS buffer is shown (dark blue). c) Schematic 
representation of adsorption of SDS on the surface of the sensor. As colloidal gold is hydrophobic adsorption of SDS 
occurs via the alkyl tail.[105] 
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Figure 22. Adsorption of SDS in dependency of the mass transport. a) Timetrace of the resonance wavelength of a 
single, blank gold nanorod surrounded by a buffer solution containing 1.7 mM SDS. It was first measured under 
continuous flow with a flow rate of 3·10-4 m/s (left). Then the flow was stopped (right). b)-c) The corresponding 
power spectra of the timetrace sequences (red) can be described by a single Lorentzian (light blue). For comparison, 
the power spectra of a baseline in PBS buffer are shown (dark blue). d) Overview of the calculated noise values and 
kinetic time constants.  
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A blue shift of 2.2 nm can be observed which indicates the adsorption of SDS molecules on 

the sensor surface. Furthermore, the fluctuation amplitude increases from 0.04 nm to 

0.23 nm. The insets of Figure 21a display magnifications of the baseline and of the regime 

where SDS was introduced respectively. Fluctuations in the measured signal become visible. 

This effect arises from equilibrium coverage fluctuations[126] and the noise yields infor-

mation about the time constant τ which can be extracted via Fourier transform. This is 

demonstrated in Figure 21b. The power spectrum can be described with a single Lorentzi-

an[126, 127] (see formula 5.15) and the value of τ can be determined to 0.18 ± 0.01 s. According 

to model conceptions, adsorption occurs via the alkyl tail while micelles do not adsorb as a 

whole on hydrophobic surfaces (further discussion see Chapter 5.4.2).[105] This is schemati-

cally displayed in Figure 21c. 

When Lüthgens et al.[126, 127] first described this detection scheme on theoretical basis the 

independence of mass transport phenomena was pointed out: In equilibrium, a certain 

number of adsorbates of the boundary layer adsorb and desorb on the sensor surface per 

time unit. Consequently, the flow rate only has influence on the thickness of the boundary 

layer but not on the number of adsorbing molecules. To survey this theory, the above 

described experiment was repeated under variation of the flow rate (see Figure 22a). First, 

equilibrium coverage fluctuations were monitored while an 1.7 mM solution of SDS was 

rinsed through the flow cell with a flow rate of 3·10-4 m/s generated through gravitational 

flow. Then the flow was completely stopped by lifting the tubing and a timetrace was 

measured again. Based on these measurements the time constants τ were extracted by 

fitting the power spectra with a single Lorentzian (see Figure 22b-c). Figure 22d summarizes 

the respective values for the time constant and fluctuation amplitude. In both cases the 

value of τ was 0.09 s. So, the independence of the equilibrium coverage fluctuations of SDS 

from mass transport could be demonstrated.  

As a remark: The following experiments were all conducted with a flow rate of 3·10-4 m/s. 

To get a more defined (hydrophobic) surface, the rods were functionalized with 1-

dodecanethiol (see Chapter 5.3). 
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5.4.1.2 Sensor Optimization 

The first measurement parameters which have to be considered are the acquisition time and 

the total length of the measurement. The choice of these parameters is represented as 

follows within a power spectrum: the highest frequency corresponds to the acquisition time 

whereas the lowest frequency depends on the length of the timetrace. The power spectra 

were calculated with the Welch algorithm (see Chapter 5.3). Typically, a segment length of 

214 and an overlap of 99% were chosen. When the signal-to-noise ratio was amounted to be 

> 2, a timetrace of 10 min is sufficient to extract the rate constants. In cases of lower signal-

to-noise ratios a timetrace of at least 20 min should be acquired. For the measurements of 

sodium dodecyl sulfate in PBS buffer the kinetic time constant τ was in the range of ~ 0.1 s. 

As a rule of thumb it should be measured by a factor of 10 lower than the characteristic 

time constant of the system under investigation. Especially within this project the usage of a 

much lower exposure time was necessary, so that the Lorentzian trend of the power spectra 

could be fitted accurately. Thus, an exposure time of 10 ms proved to be a suitable value. 

For the purpose to determine the rate constants within one single experiment the right 

choice of the parameters which optimize the signal-to-noise ratio is worthwhile. In the 

following I demonstrate that the two prior parameters for this intension are the sensor size 

and the utilized concentration. Furthermore, the dependency of the time constant τ on the 

sensor size has to be investigated. 

The signal-to-noise ratio strongly depends on the size of the sensor. The fluctuation 

amplitude is indirectly proportional to the surface area A:[126, 127] 

2 1 ~ δΘ A-   (5.23) 

To demonstrate this, the respective signal-to-noise ratio of the equilibrium coverage 

fluctuations of SDS at a concentration of 1.7 mM was determined in 6 independent 

measurements (see Figure 23, red). The signal-to-noise ratio is hereby defined as quotient of 

the fluctuation amplitude of the measured signal, σs, and the fluctuation amplitude if the 

baseline, σb, measured in buffer conditions: 
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=   (5.24) 

The baseline noise can almost exclusively be characterized as setup noise. It is largely 

independent of the surface area (see Figure 23, blue). A small influence of physical processes 

like density fluctuations of water molecules is nevertheless possible. The correspondent 

surface areas were calculated according to Henkel et al..[138] The estimation of the dimen-

sions of a single gold nanorod is possible on basis of the resonance wavelength and FWHM 

of its scattering spectrum. Henkel et al. used the boundary element method for the 

simulation of the scattering cross sections σsca to extract the resonance energy Eres and 

FWHM through fitting with a single Lorentzian. Furthermore, the bulk sensitivity was 

estimated by simulating an increase in the refractive index of the surrounding medium. 

Then, the value for the diameter and aspect ratio of one rod could be interpolated with a 5th 

order polynomial surface fit. In Figure 23 it becomes apparent that despite of only minor 

differences in the surface area the signal-to-noise ratios range from 9.94 to 0.96 and can be 

approximated according to formula 3.3. All utilized sensors derived from the same batch. 

This is an impressive example how sensor minimization can drastically improve the 

resolution. As incubation with SDS drastically reduces the intensity of the plasmon spectra 

(for further discussion see Chapter 5.4.3) and consequently requires a conduction of the 

experiment under much higher exposure times experiments under utilization of even 

smaller sensors were not conducted. Further, it has to be kept in mind that further sensor 

minimization also increases the noise level of the baseline (also compare with Figure 9) 

which in turn again diminishes the signal-to-noise ratio.  

For the calculation of the actual rate constants kon and koff (see next Chapter 5.4.1.3) the 

dependency of the constant τ on the size of the sensor has to be taken into account. Figure 

24 shows a significant increase in the value of τ for sensors with a surface area above 

7·103 nm2. Lüthgens et al.[126, 127] already considered this parameter for the Lorentzian 

function which describes the power spectrum calculated from observation of equilibrium 

coverage fluctuations of hard particles (i.e. proteins) (see Chapter 5.2). For such systems the 

available surface area is a function of the coverage and the available surface function (ASF) 

had to be considered. On the contrary, for the description of the adsorption kinetics of SDS 
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the ASF can be neglected at first sight under inclusion of the model conceptions that 

adsorption of SDS occurs via the alkyl tail and micelles do not adsorb as a whole (also 

compare with Chapter 5.4.2). However, the concept that one molecule only interacts with 

one single lattice site without further reciprocity with other molecules remains an ideal 

case. Because of the formation of surface micelles (see Chapter 5.2.2) molecules interact 

with each other and free lattice sites can potentially be blocked out. Furthermore, the 

surface of the sensor does not represent an ideal lattice but shows defects. Thus, also in case 

of SDS a coverage-dependent adsorption behavior is probably also existent and the model 

has to be extended under consideration of the ASF. 

 
Figure 23. Dependency of the signal-to-noise ratio on the sensor size. The signal-to-noise ratio of the equilibrium 
coverage fluctuations of SDS depends on the surface area of the sensor (red). The trend can be approximated 
according to formula 3.3 (light blue). For comparison, the noise levels of the corresponding baselines are shown 
respectively (dark blue). The utilized concentration of SDS was 1.7 mM in PBS solution for each case. All sensors were 
functionalized with 1-dodecanethiol. 
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Figure 24. Dependency of the kinetic time constant τ on the sensor size. The values for τ were determined through 
approximation of the power spectrum with a single Lorentzian. The utilized concentration of SDS was 1.7 mM 
dissolved in PBS for all cases. 

The signal-to-noise ratio can not only be optimized by the right choice of the sensor size 

but it also strongly depends on the utilized concentration. The fluctuation amplitude varies 

systematically with concentration. For the purpose to determine the rate constants within 

one single experiment the right choice of the utilized concentration is therefore worthwhile. 

In general, a higher concentration leads to a higher mean surface coverage of the sensor and 

thus to a higher exchange rate between bound and unbound molecules. To investigate the 

correlation between concentration and fluctuation amplitude for SDS in PBS the resonance 

wavelength of a single gold nanorod was measured while gradually increasing the concen-

tration from 0 mM to 0.6 mM. After equilibrium was reached respectively the measurement 

was continued for 30 min before the next concentration was injected. Figure 25a shows 

correspondent timetrace sequences. Figure 25b shows that the averaged noise value of the 

baseline, 0.06 nm, does not increase significantly until a concentration of 0.3 mM is 

reached. Slight variation of the values below this “threshold” of 0.3 mM arises empirically 

from long term drifts due to setup instabilities (see Chapter 3.2). 
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Figure 25. Concentration dependency of equilibrium coverage fluctuations of SDS. a) Timetrace sequences of the 
shift in the resonance wavelength of a single gold nanorod under variation of the SDS concentration. A gold nanord 
functionalized with 1-dodecanethiol was utilized as sensor. b) An increase in the concentration of SDS leads to an 
increase in the fluctuation amplitude. Only after a certain signal-to-noise ratio is overcome the corresponding power 
spectrum of the timetraces allows extracting the time constants. c) The shape of the power spectrum of the timetrace 
corresponding to 0.15 mM SDS solution does not differ from the baseline (dark blue). d) Increasing the concentration 
of SDS up to 0.3 mM increases the signal-to-noise ratio up to 1.2 and the power spectrum can be approximated with a 
Lorentzian function (light blue).  
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The power spectra which correspond to the concentrations ranging from 0.05 mM to 

0.15 mM do not allow to extract the time constant τ as they do not differ from the baseline. 

This is exemplarily illustrated in Figure 25c. At a concentration of 0.3 mM the fluctuation 

amplitude increases up to 0.13 nm and the corresponding power spectrum can be described 

with a single Lorentzian (see Figure 25d). Consequently, a minimal signal-to-noise-ratio of 

2.4 is necessary determine τ. Lüthgens et al.[126, 127] stated that for hard particle systems there 

is an optimum for the signal-to-noise ratio at intermediate coverage due to the dependency 

of the available surface area on coverage. Consequently, with increasing surface coverage 

the probability of a successful adsorption event and consequently the exchange rate 

decreases. To further discuss if and where there is an optimum in the fluctuation amplitude 

in case of SDS further understanding of the relationship between concentration, surface 

coverage (see Chapter 5.4.1.3), CMC (see Chapter 5.4.2) and the shift in the resonance 

wavelength of the sensor (see Chapter 5.4.3) is necessary before the optimal choice of the 

concentration can be determined. 

5.4.1.3 Determination of the Rate Constants 

In principle, one single measurement is sufficient to fully describe the kinetics of the system 

under investigation. In the previous chapter it was described how the kinetic time constant 

τ can be extracted by fitting the power spectrum with a single Lorentzian. The rate con-

stants kon and koff can then be determined with the formula 5.17-5.19. There are generally 

two different strategies. First, the surface coverage can be calculated from the amplitude of 

the power spectrum (see formula 5.16) as Θ  corresponds to the ratio of bound molecules 

to the total number of molecules within the boundary layer AN N . However, with so 

many unknown parameters the fit becomes unstable and shows high confidence intervals 

for both, AN N  and τ and this method is not applicable. A more convenient approach is 

to use the information of the shift in the resonance wavelength of the sensor as benchmark 

for the coverage Θ . But until now, the effect that SDS causes a blue shift in the resonance 

wavelength is not fully understood (see Chapter 5.4.3). Alternatively – although it does not 

resemble the idea of determining kon and koff within one single experiment – the rate 

constants can be determined by varying the concentration of SDS and under utilization of 

formula 5.17 and 5.18. In an experiment presented in Figure 26 the concentration was 
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varied in equidistant steps ranging from 1 mM to 0.25 mM and the time constants τ were 

calculated. As a function of the concentration the inverse τ-1 follows a linear trend where 

the slope corresponds to kon and the offset to koff. Consequently, kon can be determined to 

(13.36±12.30) 1/mMs and koff to (4.87±8.42) 1/s. It has to be kept in mind that the Lorentzi-

an function does not involve the surface area of the sensor (compare with Chapter 5.4.1.3). 

Thus, these values are only an approximation. At least, the surface area of the sensor was 

determined to 4.4·103 nm2 and thus belongs to the regime where an independence of τ 

from the surface area was observed (see Figure 24). 

 
Figure 26. Determination of the rate constants kon and koff. a) Timetrace sequences of the shift in the resonance 
wavelength of a single gold nanorod under variation of the SDS concentration in the surrounding buffer medium 
(PBS). The utilized nanorod was functionalized with 1-dodecanethiol. b) The kinetic time constant τ varies with 
concentration. As a function of the concentration the inverse τ-1 follows a linear trend (light blue).  

On the basis of the estimated kon-and koff -values we can calculate the number of adsorbed 

molecules on the surface. This is conducted as follows: Through the knowledge of kon and 

koff the surface coverage Θ can be determined via formula 5.19 (see Figure 27, blue). To 

calculate the number of adsorbed molecules N (see formula 5.25) the surface area of the 

sensor Asurf was determined according to Henkel et al.[138] and the area per molecule Amolecule 

was taken from Turner et al..[106] They determined a value of 0.42 nm2. 
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For a mean coverage of 58% the mean number of molecules bound to the sensor surface 

can therefore be determined to approximately 6000 (see Figure 27, red). The shift per 

molecule is in average around 0.001 nm. However, due to the high error limits of the values 

for kon and koff a reasonable consideration of the error limits for the coverage and the 

number of bound molecules is not possible and these values represent therefore only a 

rough estimation. 

 
Figure 27. Surface coverage and number of bound molecules in dependency of the concentration. The surface 
coverage (blue) and thus also the number of bound molecules (red) increase non-linear. The data corresponds to the 
measurement presented in Figure 26. 
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stated that there is also an upper limit where the exchange rate between surface and 

solution reaches its maximum. Figure 28 shows the fluctuation amplitudes in dependence of 

the surface coverage. The noise reaches its maximum at an estimated coverage of 67% 

which is introduced by a concentration of 0.75 mM. However -as mentioned before- the 
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sensor size has first to be further investigated before the upper limit can be further dis-

cussed. 

 
Figure 28. Dependency of noise on surface coverage. The data corresponds to the measurement shown in Figure 26. 

5.4.2 Adsorption Behavior of Sodium Dodecyl Sulfate 

The adsorption behavior of surfactants is strongly dependent on the surface characteristics 

of the sensor. To demonstrate this, the nanorods were functionalized with two different 

kinds of thiols. First, cysteamine was introduced which forms a hydrophilic, positively 

charged self-assembled monolayer (SAM) on the surface of the rod (see Figure 29c). For 

comparison, the sensor surface was functionalized with 1-dodecanethiol as in the already 

described experiments to get a hydrophobic SAM (see Figure 30c). This is in accordance to 
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hydrophilic surface adsorption shows a biphasic behavior: an original faster rate is followed 

by a slower adsorption rate until equilibrium is finally reached after approximately 1450 s 

(see Figure 29a). Levchenko et al.[105] confirmed a higher affinity of SDS for hydrophobic 

than for hydrophilic surfaces where electrostatic interaction prevails. Within the first 100 s 

after rinsing with PBS buffer to introduce desorption, already approximately 60% of SDS 

desorbed from the sensor surface. In comparison, only 45% of SDS desorbed within the 

same period in case of the hydrophobic functionalized surface. For hydrophobic surfaces 

the desorption kinetics are slower than the adsorption kinetics as intermolecular van der 

Waals interaction stabilize adsorption.[105] The corresponding power spectrum of the 

hydrophilic surface does not follow a Lorentzian function (see Figure 29b). The reason 

therefore is probably that the fluctuations occur at a slower timescale in comparison to the 

case when hydrophobic surfaces are present so that the kinetic time constant τ is not 

represented within the measured frequency regime. Instead, a longer measurement time 

would be necessary. Levchenko et al.[105] suggest two different models for the adsorption 

behavior of SDS. On hydrophobic surfaces micelles do not adsorb but only provide 

monomer surfactants for the bulk (see Figure 30c). On hydrophilic surfaces on the contrary 

micelle adsorption prevails over single molecule adsorption (see Figure 29c). 
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Figure 29. Adsorption of SDS on hydrophilic surfaces. a) Timetrace of the resonance wavelength of a single gold 
nanorod functionalized with cysteamine. After rinsing with PBS buffer (blue) a buffer solution containing 1.7 mM SDS 
was introduced (red). A blue shift in the resonance wavelength indicates the adsorption of SDS molecules on the 
sensor surface. Desorption was introduced by rinsing with PBS again. b) The power spectrum of the timetrace 
sequence in the equilibrium state (red) does not follow a Lorentzian function in the measured frequency regime. For 
comparison, the power spectrum of the baseline in PBS buffer is displayed (blue). c) Schematic representation of the 
adsorption of SDS on the positively charged surface. Above the CMC micelle adsorption prevails over single molecule 
adsorption.[105]  
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Figure 30. Adsorption of SDS on hydrophobic surfaces. a) Timetrace of the resonance wavelength of a single gold 
nanorod functionalized with 1-dodecanethiol. After rinsing with PBS buffer (dark blue) a buffer solution containing 
1.7 mM SDS was introduced (red). A blue shift in the resonance wavelength indicates the adsorption of SDS 
molecules on the surface of the sensor. Equilibrium was reached within seconds. Desorption was introduced by 
rinsing with PBS again. b) The power spectrum of the timetrace sequence in the equilibrium state (red) is shown. It 
can be described by a single Lorentzian (light blue). For comparison, the power spectrum of the baseline in PBS buffer 
is also displayed (dark blue). c) Schematic representation of the adsorption of SDS on the hydrophobic surface of the 
sensor. Above the CMC single molecule adsorption prevails over micelle adsorption.[105]  
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Figure 31. Adsorption behavior of SDS above the CMC. a) Timetrace sequences of the resonance wavelength of a 
single gold nanorod functionalized with 1-dodecanethiol under variation of the SDS concentration in the surround-
ing buffer medium (PBS). In both cases, the critical micelle concentration is overcome (see appendix F, Figure 47). b)-c) 
The corresponding power spectra of the timetrace sequences (red) can be described by a single Lorentzian (light 
blue). For comparison, the power spectra of the baseline in PBS buffer are shown (dark blue). d) Overview of the 
calculated noise values σ and kinetic time constants τ of the presented measurement.  
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Figure 32. Time dependency of SDS adsorption. a)Timetrace of the resonance wavelength of a single gold nanorod 
functionalized with 1-dodecanethiol. It was first rinsed with PBS buffer (dark blue) and then with a buffer solution 
containing 1.7 mM SDS. Shifts in the resonance wavelength were monitored for approximately 4500 s. A blue shift in 
the resonance wavelength indicates the adsorption of SDS molecules on the surface. Equilibrium was reached within 
seconds. After approximately 3330 s a further increase in the fluctuation amplitude can be observed. b)-c) The 
corresponding power spectra of the timetrace sequences (red) can be described by a single Lorentzian (light blue). 
For comparison, the power spectra of the baseline in PBS buffer are shown (dark blue). d) Overview of the calculated 
noise values σ and kinetic time constants τ of the here presented measurement (1) and another measurement (2, see 
appendix F, Figure 50) using a sensor with a smaller surface area Asurf.  
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Furthermore, the adsorption behavior of SDS above the critical micelle concentration 

(CMC) on hydrophobic surfaces was investigated. Therefore, the resonance wavelength of a 

single gold nanorod functionalized with 1-dodecanethiol was monitored while first rinsing 

with a 1.2 mM solution of SDS and then changing to a 1.6 mM solution (see Figure 31a). 

Both concentrations are above the CMC (compare with appendix F, Figure 47). For both 

timetrace sequences the power spectra were calculated, fitted with a Lorentzian function 

and the kinetic time constants τ were calculated (see Figure 31b and c). Figure 31d compares 

the extracted time constants as well as the fluctuation amplitudes. With increasing concen-

tration the value for τ increases and the fluctuation amplitude decreases. This effect is 

known in literature. Over time SDS hydrolyzes and forms dodecanol.[106] Due to solubiliza-

tion of dodecanol within bulk micelles the total amount of surfactants sinks above the 

CMC.[106, 139, 140] Experimental results by Levchenko et al.[105] confirm these results. Alterna-

tively, Montgomery et al.[141] named structural changes of the surface micelle formation as 

reason. 

Finally, the equilibrium coverage fluctuations of SDS were followed for long time to 

investigate the time dependency of the system. Figure 32a shows the adsorption curve of a 

1.7 mM solution of SDS on a single gold nanorod. The blue shift indicates adsorption and 

equilibrium was reached within seconds. The power spectrum calculated from the time-

trace sequence directly after adsorption can be described with a single Lorentzian and a 

value of 0.08 s for τ can be determined (see Figure 32b). After approximately 3330 s the 

fluctuation amplitude increases from 0.10 nm to 0.28 nm and τ decreases to 0.05 s (also 

compare with Figure 32c). A complete overview over the calculated values is given in Figure 

32d. The same experiment was repeated with a smaller dimensioned sensor (compare with 

Figure 32d, measurement 2, full data can be found in appendix F, Figure 50). Thereby, a 

decrease of τ in combination with an increase of the fluctuation amplitude was observed 

already after 650 s. The two different time constants allow a classification into an initial 

slow and into a second faster adsorption dynamic. The reason for this phenomenon lies 

probably in the reorganization of the surfactants on the sensor surface. Surfactants form 

micellar structures on solid surfaces. This effect was first investigated via Atomic Force 

Microscopy by Manne et al..[111] The surface micelle formation of SDS was investigated on 
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graphite as model hydrophobic surface.[142, 143] Periodic, hemicylindric structures were 

monitored. Thereby, the critical surface aggregation concentration (csac) where SDS starts 

to form structures was determined to be at about one fourth of the CMC.[142] By increasing 

the concentration of SDS or by increasing the concentration of sodium chloride in solution 

under constant concentration of SDS the distance between neighboring aggregates decreas-

es.[142, 143] Additionally, the presence of 1-dodecanol leads to changes in the shape in form of 

swollen hemicylinders and flat layers above the CMC.[144] Beyond, surface micelle structures 

can change over time. For example, Ducker et al.[145] monitored the formation from rods to 

uniform sheets of CTAB in water on a hydrophilic mica surface. There consequently are 

two thinkable scenarios for the explanation of the time dependency of equilibrium coverage 

fluctuations of SDS. The first possibility is that the whole surface micelle formation does 

not occur instantaneously. Consequently, subsequent adsorption and reorganization is a 

kinetically slower process than when the surface micelles have already fully formed. Second, 

a metastable surface micelle formation forms instantaneously which then transforms into a 

more stable configuration at the minute timescale. Then, this second configuration shows a 

higher micelle stability but less affinity to the surface which results into an higher surfactant 

exchange rate at the solid-liquid interface and the time constant τ increases.       

5.4.3 Explanation for the Blue Shift 

When SDS is adsorbed on the surface of a plasmonic nanorod the plasmonic spectrum 

changes as follows: The resonance wavelength shifts to the blue. Thereby, the height of the 

shift increases with increasing aspect ratio of the particle and can amount up to 15 nm. The 

intensity always decreases around 30-60% of the original value. The full width at half 

maximum stays approximately constant. Table 3 exemplarily demonstrates this phenome-

non for the measurement presented in Figure 30.  

Table 3. Influence of SDS incubation on plasmonic spectra. Overview of the resonance wavelength λres, the full width 
at half maximum FWHM and intensity I before (1) and after (2) SDS in PBS buffer medium is introduced to a gold 
nanorod. 

λres(1) 
in nm 

λres(2) 
in nm 

FWHM(1) 
in eV 

FWHM(2) 
in eV 

I(1) 
in arb.u. 

I(2) 
in arb.u. 

671.5 659.7 0.143 0.159 22800 15700 
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Figure 33. Shift dependency of the coverage. The absolute value of the shift in the resonance wavelength increases 
with increasing surface coverage. The data belongs to the measurement presented in Figure 26. The values for the 
surface coverage were calculated in Chapter 5.4.1.3. A linear fit is shown (light blue). 

Further, the absolute value of the shift in the resonance wavelength increases with increas-

ing surface coverage (see Figure 33). 

There are different possibilities for the explanation of the blue shift. First, the blue shift can 

be initiated by refractive index changes and as second reason charge carrier effects have to 

be considered. A local change in the refractive index can in principle be caused as SDS 

shows a higher refractive index than water. The value was determined to 1.461.[146] Conse-

quently, a red shift in the resonance wavelength of the sensor is expected. This holds true if 

SDS in dissolved in pure water (see Figure 34a). However, if SDS is dissolved in phosphate 

buffered saline a blue shift is monitored (see Figure 34b). Additionally, different kinds and 

combinations of salt where tested. The blue shift arose in all cases (further timetraces see 

appendix F, Figure 49). Thus, for the observation of a blue shift the presence of ions is 

necessary but it is not dependent on specific kinds. Furthermore, the reversible replacement 

of a negatively charged SDS layer on the sensor surface by a positively charged CTAB layer 

was investigated (see Figure 34c). It is interesting to see that the introduction of CTAB leads 

to a red shift although it shows a smaller refractive index than SDS (nD =1,435[147]) and a 

blue shift would be expected. 
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Figure 34. Shifts in the resonance wavelength when SDS is introduced. In all cases a concentration of 1.7 mM and 
CTAB rods without further modification were applied. a) Resonance wavelength of a single gold nanorod shifts to the 
red when SDS is dissolved in water. b)  Resonance wavelength shifts to the blue in phosphate buffered saline 
medium when SDS was introduced. c) SDS and CTAB, respectively dissolved in PBS, were injected by turns. CTAB 
leads to a red shift in the resonance wavelength. 

The blue shift can in principle also be caused by a desorption effect although no such thing 

has been reported in literature.[105] SDS would then remove the functionalization of the 

senor. However, the blue shift was also observed on blank rods where the prior removing of 

the CTAB by incubation with sodium thiosulfate was monitored (see Chapter 5.4.1.1). 

Besides, different adsorption behavior was detected by different kinds of surface modifica-

tion (see Chapter 5.4.2). 1-dodecanethiol has almost the same refractive index as SDS (nD 
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=1,459[148]) due to the quite similar chemical structure. Thus, no shift is expected by a 

replacement of 1-dodecanethiol with SDS. Regarding the equilibrium coverage fluctuations 

in itself timetraces with fluctuation amplitudes up to 0.9 nm were acquired (see Chapter 

5.4.1.1). It is unlikely that this extremely high fluctuation amplitude caused by minor 

variations in the surface coverage arises from local changes in the refractive index especially 

as the thickness of the SDS layer is expected to be in the range of 1nm and less.[106] Consid-

ering all these arguments, changes in the refractive index are a less probable explanation for 

the effect that SDS causes a blue shift. 

Therefore, charge carrier effects introduced by the presence of salts have to be taken into 

account. Either, it is charging which means that an electron transfer from a SDS molecule to 

the gold nanorod occurs and the electron density in the rod increases. That electron 

transfer can occur through a non-conjugated, self-assembled passivating hydrocarbon film 

was already demonstrated by K. A. Bunding Lee.[149] He functionalized gold electrodes with 

hydrocarbons consisting of an electro active end and a thiol group which binds covalently 

to gold. Electron transfer was measured via Cyclic Voltammetry with a hydrocarbon chain 

consisting of up to 10 CH2-groups and even if disorganization of the layer was existent.  

Another explanation related with charge carrier effects is an induction phenomenon as 

explanation for the blue shift due to the point charge of SDS. Then, the electron density 

within the sensor would increase due to the scenario that the negatively charged SDS layer 

around the sensor compresses the electron density (see Figure 35). A first calculation on 

this can easily be conducted: The negatively charged SDS layer has the following surface 

charge density σ: 

molecule

eσ
A

=   (5.26) 

with the elementary charge e.  Then, the layer thickness d of the positively charged image 

charge can be estimated as follows: 
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0

σd
ρ

=   (5.27) 

with 3
0 59 ρ e nm= . 

ρ0 is the initial electron density of gold. This results into a value for d of 0.04 nm. 

 
Figure 35. Schematic representation of the induction phenomenon. A negatively charged layer around a gold 
nanorod (blue) leads to a positive image charge (red) and electron density within the rods increases.  

A less probable explanation for the blue shift would be the oxidation of the gold rod. Then, 

gold ions would change over to the surrounding solution and SDS molecules would become 

a radical. The blue shift would be caused by shape modification of the rod as a smaller 

particle shows a smaller resonance wavelength.  

Within this thesis the question of why SDS causes a blue shift in the resonance wavelength 

of a gold nanorod could not be completely solved. Further experiments to clarify this issue 

can be conducted with plasmonic particles as well as through electrochemistry. Experi-

ments on basis of plasmonic nanoparticles have to be conducted on the single particle level 

were the sensors are immobilized on a glass substrate and not in solution as the presence of 

salts leads to aggregation of the particles. The possibility of charging can be surveyed by the 

utilization of radicals. Thereby, if rods would have been negatively loaded an introduction 

of radicals would annihilate the blue shift. However, radicals have to be found which do not 

bind or interact with the sensor itself. Path breaking also appears to follow electrochemical 

experiments according to K. A. Bunding Lee.[149] To test the theory of induction theoretical 

simulations seem to be most suitable.  
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5.5 Conclusions and Outlook 

Within this project, it was for the first time experimentally demonstrated how to describe 

adsorption kinetics through observation of equilibrium coverage fluctuations. Thereby, 

sodium dodecyl sulfate dissolved in phosphate buffered saline was introduced as system 

under investigation. Temporal fluctuations of the resonance wavelength of a single gold 

nanorod were evaluated via Fourier analysis and the kinetic time constant τ could be 

determined. Different strategies for the calculation of the rate constants kon and koff were 

discussed and applied. Furthermore, it was demonstrated how the signal-to-noise ratio can 

be improved by the right choice of the utilized concentration as well as of the size of the 

sensor. Finally, the adsorption behavior of SDS was investigated. Different adsorption 

behavior for different kinds of surface modification was shown. Above the critical micelle 

concentration a decrease in adsorption kinetics was observed. When following equilibrium 

coverage fluctuations for longer time a second, faster adsorption dynamic was monitored. 

At last, several possible explanations for the effect, that SDS causes a blue shift in the 

resonance wavelength of a nanorod were discussed.  

Lüthgens et al.[126, 127] pointed out 5 major advantages for the determination of the rates 

constants through observation of equilibrium coverage fluctuations in comparison to 

conventional methods (see Chapter 5.2). In the following I will discuss each of these points 

separately under inclusion of my experimental data. The first argument was that equilibri-

um coverage fluctuations are independent of mass transfer so that such complications do 

not have to be considered. This was confirmed by my experiments. However, in meantime 

Jokic et al.[135, 136] demonstrated in 2012 the influence of mass transport on theoretical basis 

and extended the Janshoff-model. So either the system of SDS falls under the by Jokic 

classified category where the diffusion timescale is shorter than the convection timescale 

and mass transport does thus not have to be considered or the extension of the model is 

wrong. Consequently, when the approach to quantify adsorption kinetics through observa-

tion of equilibrium coverage fluctuations will be extended to protein systems which show 

due to their bigger size a much slower diffusion control experiments on mass transport 

have to be conducted. As second argument falsified results due to drifts in the measuring 

signal in common adsorption experiments were mentioned. In fact, within my experiments 
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long term drifts in the resonance wavelength were also present and were probably caused by 

thermal instabilities of the Plasmon Fluctuation Setup. However, these drifts were not 

represented in the corresponding power spectra so that no detrending of the timetraces was 

necessary. Third, in conventional experiments the standard Langmuir equation could only 

describe the adsorption isotherms inadequate and thus an exact determination of the rate 

constants failed. Consequently, in case of SDS Levchenko et al.[105] could only describe the 

adsorption behavior via half-times and initial rates but were not able to determine exact 

values for the rate constants. In my experiments, the power spectra were described with a 

standard Lorentzian without further adaption to system specific properties and kinetic time 

constants could be calculated. However, the power spectra also showed instrumental non-

linear noise in the low frequency regime so that a more accurate fitting is developable. 

Ideally, an exact mathematical description for the instrumental noise can be found and 

included into the fitting function. Forth, some systems show a two-step kinetic where the 

second step above the so called jamming limit is not reached after a for experiments 

appropriate time. On the contrary, with the detection scheme of equilibrium coverage 

fluctuations the kinetic time constants can be determined within one single experiment at 

intermediate coverage. Fifth, with common techniques quite a number of adsorption 

isotherms have to be acquired to calculate the rate constants. This is time consuming and 

falsifies the extracted values. Now, the kinetics can be fully described within one single 

experiment. The extracted values of τ were < 1 s. The sample rate used for these experi-

ments was around a factor of 10 higher than the τ values. This was found to be necessary 

since for the approximation of the power spectra with a single Lorentzian many data points 

in the high frequency regime are necessary. When the signal-to-noise ratio was at least 2 a 

timetrace of around 10 min was sufficient. 

The validation of this new detection scheme with regard to its accuracy for the determina-

tion of the actual rate constants kon and koff remains challenging. First, the initial adsorption 

isotherms couldn’t be approximated accurately with the Langmuir equation (also compare 

with Levchenko et al.[105]). Consequently, the values determined via equilibrium coverage 

fluctuations cannot be compared to a control experiment conducted with the conventional 

method. Second, as the effect why SDS causes a blue shift in the resonance wavelength is so 
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far not completely understood the relationship between shift and surface coverage is not 

given. For validation further investigations which lead to an understanding of the blue shift 

as well as a further development of the mathematical description of the equilibrium 

coverage fluctuations seems path breaking. The so far applied single Lorentzian has to be 

extended under inclusion of system-specific properties, probably also under consideration 

of coverage-dependent adsorption behavior and inclusion of an available surface function. 

The big question remains for how many systems the approach to extract the rate constants 

through observation of equilibrium coverage fluctuations is applicable. One major limita-

tion is that a reversibility of the system is essential. The system under investigation should 

show a reversible adsorption behavior to a high extent. This was the case with SDS.[105] 

However, especially in regards of biosensors there would be many limitations since protein 

interactions at the solid-liquid interface are often described as irreversible. One protein 

system which shows at least partly reversible adsorption on a lipid bilayer membrane is 

annexin A1.[150-154] Further, reversible protein-protein interactions can be studied when one 

partner is fixed on the surface and the other one is free in solution. One example for this is 

the system “polycystin-2 and polycystin-1”.[155] Another limitation is the timescale at which 

these adsorption-desorption processes occur. Kastl. et al.[150] already published kon- and koff- 

values for the system “annexin A1 + membrane”. On basis of these values the kinetic time 

constant τ yields to the range of 10-3 Hz- depending on the concentration. Consequently, 

this requires on the one hand a quite long measurement time and on the other hand, 

equilibrium coverage fluctuations are then not so easy to separate from long term drifts of 

the measuring signal due to setup instabilities.  

In case of sodium dodecyl sulfate the equilibrium coverage fluctuations can be classified 

into an initial slow and into a second faster adsorption dynamic. It arises probably from 

reorganization processes on the surface. This phenomenon has so far not been experimen-

tally accessible in this manner and gives now further insight into the adsorption process of 

SDS on the molecular level. Future experiments including a combined analysis of Plasmon 

Spectroscopy and liquid Atomic Force Microscopy would be interesting to further investi-

gate surface micelle formation and how the shape of surface micelles influences the 
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adsorption kinetics. An additional topic which was not further investigated within this 

thesis is the roll of present salts on adsorption kinetics.  

The effect why sodium dodecyl sulfate causes a blue shift in the resonance wavelength of a 

gold nanorod was not solved within this thesis - however the basis to enter a new regime of 

plasmon sensing is set. 

 





 

 

Chapter 6 

If there is magic on this planet, it is 

contained in water. 

-- Loren Eiseley 

6 Diffusion Kinetics of Gold Nanospheres 

6.1 Introduction 

Molecular transport within living cells as well as mass transfer through membranes is a 

prior condition for the existence of animate being. Consequently, many natural scientific 

disciplines ask for techniques to measure diffusion coefficients and concentrations of 

molecules in different environments.[156] One technique to study diffusing molecules is the 

so called Fluorescence Correlation Spectroscopy (FCS) (see Figure 36a) which was firstly 

published by Elson and Madge in 1974[157] and has become a well-established technique.[158] 

Fluctuations of dye labeled molecules within a quite small detection volume are measured 

and intensity fluctuations of the fluorescent labeled molecules are recorded over time. For 

analysis the autocorrelation is calculated which is defined as follows:  

( )
( )

2

1 ( 1)
( )

δF t δF t
G τ

F t
+á + ñ

=
áñ       (6.1) 

with  ( ) ( ) ( )δF t F t F t= -áñ                               

Thereby, F(t) is the detected fluorescence intensity. In a standard FCS setup the autocorrela-

tion can be expressed by  
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áñ

+ + ×
     (6.2) 

with the average number of diffusers Náñ within the detection volume V which is turn 

defined by the lateral and axial diameter ω and z. On this basis the concentration Cáñ can be 

determined via  

  NC
V
áñ

áñ =      (6.3) 

The diffusion time τD states how long the diffuser stays within the sensing volume. In the 

autocorrelation it represents the time at which the amplitude is decreased to half of the 

original value. Then, the diffusion constant which is defined by the Stokes-Einstein 

equation (see formula 6.4 with the Bolzman constant kB, the temperature T, the dynamic 

viscosity of the surrounding solvent μ and the hydrodynamic radius RH of the diffuser) can 

be calculated via formula 6.5.  

6
B

H

k TD
πηR

=   (6.4) 

2
0

4D

rτ
D

=   (6.5) 

The utilization of confocal optical microscope techniques led to an impressive development 

of this method[159] which opened a window for a wide range of applications such as se-

quencing of single DNA strains[160] or monitoring conformational changes of single 

molecules.[161] A high resolution is possible due to its small detection volume, usually in the 

order of 1 fl or less.[162, 163] Therefore, only a small sample volume is required. However, 

Fluorescence Correlation Spectroscopy is also limited through 2 major disadvantages. First, 

the highest possible concentration of diffusers is usually below the concentrations existent 

in biological systems. Second, the analyte has to be labeled with a fluorescent dye. However, 

the addition of dyes increases the hydrodynamic radius of the diffusers, its diffusion 

behavior changes and consequently the measured results are falsified.[164] Beyond, experi-

ments suffer from quenching or bleaching effects.[165] 
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Figure 36. Illustration of different kinds of detection volumes for the determination of diffusion constants. a) The 
detection volume (red) of the well-established Fluorescence Correlation Spectroscopy technique is schematically 
represented. It is Gaussian shaped and usually about 0.5 μm3. This figure originates with sight variation from Dr. Liane 
Slaughter. b) Within this project the sensing volume of a single gold nanorod (blue) is used as detection volume. This 
approach is named Plasmon Correlation Sensing. The figure originates with sight variation from literature [57]. 

In this chapter, I present an alternative and novel approach to for the measurement of 

diffusion constants with a highly reduced detection volume named Plasmon Correlation 

Sensing. The sensing volume of a single, immobilized nanorod is used as detection volume 

(see Figure 36b). When a diffusing particle enters the detection volume a shift in the 

resonance wavelength of the plasmon sensor is introduced. In comparison to Fluorescence 

Correlation Spectroscopy, the diffusers can now be studied in their natural appearance as 

no labeling is necessary. Further, the sensing volume is in the range of zepto- to attoliters.[26] 

Consequently, Wang et al.[166] managed to measure diffusion constants with analyte 

concentration in the nanomolar regime by using an individual gold nanoparticle as optical 

nano-antenna in a Fluorescence Correlation Spectroscopy setup.  

The residence time of the diffusing particles within the sensing volume τD as well as the 

induced shifts of the resonance wavelength of the senor Δλint (see Figure 37) are dependent 

of many parameters. The residence time depends on the hydrodynamic radius of the 

diffuser, the viscosity of the surrounding medium, the temperature and the size of the 

detection volume (see formula 6.5). The induced shift on the other hand depends not only 

on sensor dimensions, but also on the size and material of the diffusers. Further, the 
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position of diffuser and sensor to relative each other also has an influence on the exact 

amount of the shift.[22] The diffuser has to fulfill many requirements. For instance, the 

particles must not stick to glass or to the sensor itself. Furthermore, the particles should be 

soluble in water as well as in glycerin, must not aggregate, have a uniform size and a small 

size distribution. The kinds of nanoparticles which fulfill all these requirements are gold 

nanospheres. Due to plasmon coupling gold spheres can induce larger shifts in comparison 

to dielectric particles of the same size.[51] As the gold spheres should not be attracted to the 

CTAB layer of the sensor or to glass, the diffusers where functionalized with methoxy 

polyethylene glycol. This functionalization led at the same time to an increased solubility at 

high concentrations. 

 
Figure 37. Schematic illustration of a measured signal in a PCS experiment. The resonance wavelength of a gold 
nanorod is monitored over time. When a diffusing particle is located in the sensing volume with the diffusion time τD, 
a shift Δλint is introduced. The signal-to-noise ratio has to be optimized as noise σ produced by the setup is present.  
This figure originates with sight variations from Dr. Liane Slaughter. 

After an introduction to the principles of diffusion and an overview about various methods 

which are related to FCS (see Chapter 6.2) I present the principle of Plasmon Correlation 

Sensing and show how the diffusion time can be determined by following fluctuations in 

the resonance wavelength of a single gold nanorod over time. Further, I will show how the 

characteristic time constants depend on viscosity of the surrounding medium as well as on 

the diffuser size. Finally, I will discuss how the signal-to-noise-ratio can be optimized (see 

Chapter 6.4). 

time

λ r
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The protocol for the functionalization of the gold spheres which acted as diffusers origi-

nates from Dr. Liane Slaughter. The determination of the dimensions of the utilized 

nanoparticles via TEM was conducted by Sebastian Harms. At this point I also want to 

thank Dr. Kaolian Koynov and David Schäffel for helpful discussion. 

6.2 Theory 

6.2.1 Diffusion 

Diffusion can be defined as a temperature driven movement of particles without further 

energy supply. To describe diffusion processes it has to be distinguished between diffusion 

in gas, in fluids and in solids. The following information is based on Atkins.[167] 

To describe diffusion the first Fick’s law can be applied: 

dcJ D
dx

=-   (6.6) 

Thereby, J is diffusion flux, D the diffusion coefficient and dc/dx the concentration gradient 

against the diffusion direction. Consequently, the diffusion flux is direct proportional to the 

concentration gradient. The diffusion flux can also be expressed through: 

J s c= ×   (6.7) 

with the drift velocity s and the concentration of particles c. With the thermodynamic force 

F as a result of the concentration gradient (R: universal gas constant, T: temperature) 

,( )p T

RT dcF
c dx

=-   (6.8) 

the drift velocity can also be described as follows: 

Ds F
RT

= ×   (6.9) 
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If an ion in solution is exposed to an external electric field E with the force z·e·E and s=μE 

we can write: 

A

μRTD
zN e

=   (6.10) 

with the mobility of the particles μ. The Stokes-Einstein law gives a relationship between 

the mobility of an ion in solution and the diffusion coefficient. Combining formula 6.10 

with  

6
e zμ
πηa
×

=   (6.11) 

with the viscosity of the medium η and the radius of the particle a we can describe the 

diffusion coefficient D via: 

6
kTD
πηa

=   (6.12) 

The second Fick’s law describes the relationship between temporal and real concentration 

gradients. Due to conservation of mass 

dc dJ
dt dx

=-   (6.13) 

we can write: 

2

2

dc d cD
dt dx

=   (6.14) 

To express the concentration gradient in a more general way convection has to be included. 

The convection flow can be described as a particle flux through an area A during a time 

interval Δt due to a flow with the velocity v: 

Δ
Δ

cAv tJ cv
A t

= =   (6.15) 
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then we can write 

dc dcv
dt dx

=-   (6.16) 

Combing formula 6.16 with formula 6.14 a general expression to describe diffusion is: 

2

2

dc d c dcD v
dt dx dx

= -   (6.17) 

6.2.2 State of the Art: Improvement of Fluorescence Correlation Spectroscopy in 

Terms of Volume Reduction 

To overcome the limitations through the large detection volume caused by the optical 

diffraction limit and restrictions through a low signal-to-noise ratio the technique of 

Fluorescence Correlation Spectroscopy has been developed by mainly two different 

approaches. One strategy is to shape the laser excitation beam in an unconventional 

manner. Alternatively, photonic structures can be applied.[163] In the following I will give a 

brief overview about these two approaches and focus on improvements in terms of volume 

reduction and fluorescence enhancement. To reduce the detection volume in longitudinal 

direction Total Internal Reflection Fluorescence Microscopy (TIRF) can be applied.[168] 

Volume reduction by a factor of 6 combined with strong fluorescence enhancement[163] can 

also be realized via Fluorescence Detection on a mirror. Thereby, the laser beam is reflected 

on a dielectric mirror and an interference pattern is produced.[169] With Stimulated Emis-

sion Depletion Microscopy (STED) the excitation of the fluorescence occurs by a regular 

focal, green spot whereas a second, red beam causes the stimulation of the molecules down 

to their ground state.[170] This leads to a volume reduction by a factor of 100 since the 

fluorescence only takes place at the very center of the focal spot.[163] One example to 

improve the detection of the fluorescence signal with the help of photonic structures is the 

usage of a paraboloid detector which leads to large fluorescence collection angles and has 

been demonstrated successfully for measurements in lipid membranes.[171] Gold Nanoparti-

cles have also already been applied in FCS in terms of field enhancement.[166, 172] Thereby, 

single gold spheres were placed into the detection volume and acted as nano-antennas. 
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6.3 Experimental Details 

Materials Glycerin and sodium chloride were bought from Sigma. As sensors gold nano-

rods were applied. The synthesis is described in appendix A1, further details on sensor 

dimensions can be found in appendix C1. Gold nanospheres served as diffusers. The 9 nm 

and 44 nm gold spheres were purchased from BBInternational. The 17 nm gold spheres 

synthesized according to appendix A2. To avoid aggregation of the particles as well as 

sticking to the glass surface or to the sensor, the spheres were functionalized with 

poly (ethylene glycol) (PEG) purchased from Iris Biotech GmbH and were after that 

centrifuged to reduce the size distribution. The functionalization and centrifugation 

protocol can be found in appendix B and further characterization of the samples in 

appendix C2. In order to increase the diffusion time of the diffusers within the detection 

volume, the samples were mixed with different portions of glycerin. 

Sample Preparation As flow cell a glass capillary (dimensions 100 mm x 2 mm x 0.1 mm) 

connected with flexible tubing was utilized. Between flow cell and half cylinder immersion 

oil was deposited. The immobilization of the gold rods on the glass surface was achieved by 

rinsing with a 1M solution of sodium chloride. After the solutions containing the diffusers 

were introduced the tubing was lifted so that no flow took place and affected the measure-

ments. 

Setup Chapter 3 describes the applied microscope. The measurements were conducted with 

the so called crop mode which enables a temporal resolution in the microsecond regime. 

The exposure times ranged from 31 μs to 200 μs with a readout time of 75 μs. Gain was 

adjusted ranging between gain factor 20 and gain factor 60.  

Data Evaluation Each timetrace was cut into 20 equidistant pieces and each of them was 

detrended separately. The fluctuation amplitudes of each sequence were averaged and the 

mean values and standard deviations are given in the following. The autocorrelations of 

each sequence were averaged as well. To determine the kinetic time constant τD the 

autocorrelations were described with an exponential fitting function. The error bars in der 

following figures represent the accuracy of the fit. 
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6.4 Results and Discussion 

6.4.1 Principle 

For the investigation of diffusion processes gold nanorods with a mean size of 35 x 78 nm 

where utilized as sensors. After immobilizing the rods on the surface of the glass capillary 

spectra of one single particle were acquired and the changes of the resonance wavelength 

over time were monitored (timetrace). Figure 38a shows the timetrace of a gold nanorod 

surrounded by a solution containing 50% glycerin (blue line) and the timetrace of the same 

nanorod surrounded by a solution containing 50% glycerin and gold nanospheres with a 

mean diameter of 17 nm (concentration: 1.3 · 1011 particles/ml) as well (red line). First of 

all, an increase in the fluctuation amplitude from 0.65 nm to 0.66 nm can be observed. This 

corresponds to a signal-to-noise ratio (S/N) of 1.02. Consequently, a S/N ≈ 1 is sufficient to 

be able to extract the diffusion time τD from the autocorrelation of the timetrace (see Figure 

38b). The autocorrelation was calculated by cutting the timetrace into 20 equidistant pieces 

and detrending each of them separately. Thereafter, the autocorrelations of each sequence 

were averaged. The autocorrelation can be described by: 

exp
Dτ
tACF a b

æ ö÷ç= × - +÷ç ÷çè ø   (6.18) 

Applying this fitting function to the presented autocorrelation the value for the diffusion 

time τD can be amounted to 2.1 ms. Knowing the resonance position and the full width at 

half maximum (FWHM) of the sensor, it is possible to determine its dimensions[58, 138] and 

thus to calculate its sensing distance r0 (formula according to simulations by A. Henkel): 

0 0.6551

1
5.2336

r
b AR-=
× ×

  (6.19) 

Thereby, b and AR are defined as width and aspect ratio of the rod. In this experiment a 

sensor with the dimensions of 41 x 79 nm was used. With a sensing distance of 12 nm the 

sensing volume is amounted to 9 · 104 nm3 under the assumption that the glass substrate 

limits the sensing volume to half of the volume around the rod. 
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Figure 38. Determination of the diffusion time. a) Timetrace of the resonance wavelength of a single gold nanorod in 
a 50% glycerin solution without (blue) and with gold nanospheres (red, size: 17 nm). An increase in the fluctuation 
amplitude can be observed. b) The corresponding autocorrelation shows an exponential trend which yields the 
diffusion time τD. 

6.4.2 Variation of Viscosity 

A parameter which influences the diffusion time τD is the viscosity of the surrounding 

medium (see Figure 39a). The higher the viscosity η the smaller is the diffusion constant D 

and thus the longer the diffusers stay within the sensing volume and τD increases. To 

confirm that the exponential trend of the autocorrelation really arises from diffusing 

particles timetraces were measured under variation of the percentage of glycerin in the 

surrounding solution in equidistant steps. The autocorrelation of each timetrace was 

calculated (see Figure 39b) and the corresponding diffusion time τD was extracted (see 

Figure 39c).  
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Figure 39. PCS experiments under variation of the glycerin concentration. 17 nm spheres served as diffusers. a) The 
percentage of glycerin in solution is varied. b) Autocorrelations of the timetraces measured in 30%, 50% and 70% 
glycerin solution are exemplarily shown. c) The diffusion time of the diffusing gold spheres depends on the viscosity 
of the medium. The error bars refer to the accuracy of the fit. The trend was approximated with an exponential fit. The 
inset shows the diffusion time plotted additionally plotted against the viscosity (blue). d) The fluctuation amplitude 
increases as well. The error bars represent the standard deviation. 

τD shows an exponential growth with higher percentage of glycerin in solution. This is in 

accordance with theory since the viscosity of the medium increases exponentially with 

increasing glycerin fraction, too (see inset Figure 39c and appendix D, Figure 44). Only the 

diffusion times of diffusing particles in media containing at least 30% of glycerin or higher 

c) d)

percent of glycerin in solution

no
is

e
in

 n
m

percent of glycerin in solution

10-4 10-3 10-2 10-1 100-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

1.2

time in s 

30%
50%
70%

au
to

co
rre

la
tio

n

a) b)

20 30 40 50 60 70 80 90
0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

20 30 40 50 60 70 80 90
0

5

10

15

20

25

30

35

τ D
in

 m
s

2 4 6

20              40              
0

1

2

viscosity in  mPa·s

glycerin fraction in %

τ D
in

 m
s

exponential fit



90 | C h a p t e r  6 :  D i f f u s i o n  K i n e t i c s  o f  G o l d  N a n o s p h e r e s  
 
 

 

could be gained through approximating the corresponding autocorrelation with an 

exponential fit. From samples with a glycerin fraction from 0-20% no exponential decrease 

in the autocorrelation could be observed. The reason for this lies in the fact that the signal-

to-noise ratio increases with higher values of τD according to: 

int D

exp

signal Δλ τ
noise t σ

×
=

×
  (6.20) 

Thereby, Δλint is the shift of the resonance wavelength of the sensor caused by a single 

diffusion event, texp corresponds to the exposure time for the measurement and 𝜎 to the 

fluctuation amplitude of the timetrace (also compare with Figure 37). This is reflected in 

Figure 39d. A continuous increase of the noise ratios of the measured timetraces with a 

higher glycerin fraction is shown. Further timetraces under variation of the glycerin ratio 

including the corresponding autocorrelations can be found in appendix G, Figure 51. 

6.4.3 Signal-to-Noise Optimization 

To be able to characterize the diffusion kinetics of samples which show only small diffusion 

times (particularly samples with small diffuser sizes and low viscosity of the surrounding 

medium) it is necessary to maximize the signal-to-noise ratio. One possibility to improve 

the signal-to-noise ratio is to measure with the highest possible exposure time as the 

spectral noise decreases with increasing temporal resolution (see Figure 40a, blue). Howev-

er, as diffusion is a very fast process a certain time resolution is necessary. The question, 

which is the highest possible exposure time to measure a dynamic process, is not easy to 

answer even if the characteristic time constant is roughly known. In theory, it is sufficient to 

measure twice as fast as the dynamic process takes place. In experiments however, a higher 

temporal resolution is necessary due to the presence of instrumental noise. As a rule of 

thumb, the exposure time should be a factor of 10 lower than the system under investiga-

tion. Within this project, diffusion processes with diffusion times within the detection 

volume up to 500 µs were monitored. Figure 40a shows the fluctuation amplitudes of 

timetraces taken under various exposure times in a 50% glycerin solution with and without 

diffusing particles present. The sensor had dimensions of 41 nm x 79 nm which corre-
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sponds to a detection volume of 9 ·104 nm3. The highest signal-to-noise ratio is reached 

with exposure times of 50-100 μs. 200 μs is already a too low sampling frequency to be able 

to monitor the diffusion process. The signal-to-noise ratio was below 1 and the correspond-

ing autocorrelations didn’t show an exponential trend. More data points were not acquired 

due to the long time for data transfer from the EMCCD camera and the high need for 

storage capacity.  

 
Figure 40. Dependency of the fluctuation amplitude on the utilized exposure time. Spectral noise of single gold 
nanorods in a 50% glycerin solution under variation of the exposure time without (blue) and with (red) diffusing 
particles (17 nm sized gold spheres) are presented. The error bars represent the standard deviation. a) A medium 
sized rod was applied as sensor. b) A big sized rod was utilized. 

Another possible strategy is the right choice of the sensor size. In general, bigger nanorods 

provide a larger detection volume which consequently increases the diffusion time. 

Another advantage of the utilization of bigger sensors lies in the high scattering intensity of 

the plasmonic spectra. Consequently, the fluctuation amplitude of the base signal is 

reduced. However, the shift per diffusing particle is diminished (see formula 6.20). The 

question remains which of these two oppositional trends prevails. To experimentally 

demonstrate the dependency of the diffusion time from the detection volume of the sensor 

a diffusion measurement was repeated in three independent measurements while all other 
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parameters were kept constant (50% glycerin, 17 nm spheres, 30 μs exposure time). Figure 

41 shows that the diffusion time increases exponentially with increasing detection volume.  

 
Figure 41. Dependency of the diffusion time on the sensor size. The diffusion time τD (red) increases with increasing  
detection volume. The trend was approximated with an exponential fit (blue). The error bars refer to the accuracy of 
the fit. The detection volumes were calculated under the assumption that only half of the sensing volume of the rods 
is accessible. The size of the diffusers was 17 nm, the solution contained 50% of glycerin. 

To evaluate the optimal temporal time resolution for diffusion experiments with bigger 

sized sensors the same experiment as described above was repeated again. Timetraces were 

monitored under variation of the time resolution while other parameters were kept 

constant (50% glycerin, 17 nm spheres as diffusers). In this case a sensor with dimensions 

of 47 nm x 96 nm was utilized which leads to a detection volume of 15·104 nm3. This is 

displayed in Figure 40b. The maximal achieved signal-to-noise ratio was 1.1. A reduction of 

the sensing volume roughly by a factor of two consequently leads to an increase in the 

signal-to-noise ratio from 1.0 to 1.4 in case of a temporal resolution of 100 μs. As a 

consequence, for further experiments it was carried on with medium-sized sensors. 
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6.4.4 Variation of the Diffuser Size 

Finally, it was investigated which diffuser sizes can be detected (see Figure 42) as all prior 

experiments were conducted with spheres of a mean diameter of 17 nm.  

 
Figure 42. Influence of the diffuser size. Increasing the size of the diffusing particles leads to higher shifts in the 
resonance wavelength of the sensor and to longer diffusion times within the sensing volume. However, bigger 
diffusers also show a high scattering intensity by themselves. The figure originates wit slight variations from Dr. Liane 
Slaughter. 

On the one hand, bigger sized diffusers are easier to measure. The signal-to-noise ratio is 

higher due to higher shifts per particle and higher residence times within the detection 

volume. On the other hand, bigger diffusers can contribute to background and consequent-

ly affect the spectrum of the sensor even if they are not localized within the detection 

volume. The smaller the particles the more challenging it is to determine the kinetic 

constants due to low signal-to-noise ratios. Besides of gold nanospheres with a diameter of 

17 nm, samples containing spheres with mean diameters of 44 nm and 9 nm were applied. 

Timetraces were measured under variation of the percentage of glycerin in the surrounding 

medium and the diffusion times τD were determined from the autocorrelations (see Figure 

43a). In all three cases, the diffusion times increase with the glycerin fraction in solution 

(also compare with Chapter 6.4.2). As the 44 nm-spheres provide a high signal-to-noise 



94 | C h a p t e r  6 :  D i f f u s i o n  K i n e t i c s  o f  G o l d  N a n o s p h e r e s  
 
 

 

ratio (see Figure 43b, purple), the diffusion times in the various glycerin containing media 

could be extracted easily by fitting the autocorrelations exponentially. It was even possible 

to determine τD in completely aqueous solution (0% glycerin). Nevertheless, they showed a 

high scattering intensity by themselves which also from time to time affected the plasmonic 

spectrum of the sensor (see Figure 43b purple, comparatively high error bars). It was also 

possible to determine the diffusion times of the 9 nm-spheres (see Figure 43a). The lowest 

glycerin fraction at which τD could be determined was 20%.  

 
Figure 43. Measurements with different sized diffusers. The date of the 17 nm spheres corresponds to the 
measurement presented in Figure 39. a) The diffusion times of diffusing gold spheres depend not only on the 
viscosity of the medium but also on its size. The error bars refer to the accuracy of the fit. b) The corresponding 
fluctuation amplitudes are represented.  The error bars represent the standard deviation. 

When taking about the actual sizes of the diffusing spheres it has to be considered that they 

were functionalized with polyethylene glycol (MeO-PEG-SH, 840 Da, further details see 

Chapter 6.3). For discussion about the performance of the sensor and about the limit which 

is so far the smallest diffuser size which can be detected the values for the respective 

diameters determined via TEM are sufficient. The size of the shift per diffusing particle is 

dominated by plasmon coupling of diffuser and sensor and not by the local change of the 

refractive index introduced by the PEG shell. However, the PEG layer also contributes to 
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the hydrodynamic radius. Consequently, for further applications of the Plasmon Correla-

tion Sensing method as the determination of diffusion coefficients it is of importance to 

include the surrounding layer. The total particle radius Rtotal has to be extended to: 

PEGtotalR a R= +   (6.21) 

with the radius of the diffuser a and the thickness of the PEG layer RPEG.[173] A theoretical 

approximation of RPEG is given by the Flory radius RF which emanates from maximum 

entropy configuration: 

0.64
FR N b= ×   (6.22) 

N stands for the number of monomers within one chain and b for the size of one unit. 

Thereby, one monomer is 3.5 Å.[174] Of course, maximal extended chain length Rmax is given 

by the product of the number of monomers and the size: 

maxR N b= ×   (6.23) 

Table 4. Overview of the respective diameters of the utilized gold spheres which acted as diffusers in the plasmon 
correlation experiments. It has to be distinguished between the diameter of the gold spheres itself determined via 
TEM and the hydrodynamic radius taking the surrounding shell of polyethylene glycol into account. The radius can 
then be calculated under the assumption that a maximal extended chain length is present or the Flory Radius can be 
considered which emanates from maximum entropy configuration. 

diffuser 
diameter from TEM, 
in nm 

inclusion of extended chain 
length, in nm 

inclusion of Flory 
Radius, in nm 

small 8.8 22.1 13.4 
medium 16.6 29.9 21.2 
big 43.6 56.9 48.2 

 

Table 4 gives an overview about the respective diameters of the utilized diffusers. Besides of 

the values determined via TEM the diameters under inclusion of the Flory radius and the 

maximal radius of the PEG layer when the chain is extended to its maximum are presented. 

Hanauer et al.[173] found out that the real diameter is somewhere in between. Further, it has 

to be taken into account that the exact hydrodynamic radius also varies with the percentage 

of glycerin in solution. The exact values have to be determined experimentally, for example 



96 | C h a p t e r  6 :  D i f f u s i o n  K i n e t i c s  o f  G o l d  N a n o s p h e r e s  
 
 

 

via Dynamic Light Scattering. However, this technique is without further ado not applicable 

due to the high viscosity of the glycerin solutions. Consequently, the calculated values are 

so far a good approximation. 

6.5 Conclusion and Outlook 

In the previous chapter, the application to use the sensing volume of a single gold nanorod 

to determine diffusion constants was successfully demonstrated. Through following 

fluctuations in the resonance wavelength over time the residence time of a diffusing particle 

within the detection volume was extracted by approximating the corresponding autocorre-

lation with an exponential fit. To confirm that the calculated time constants really arise 

from diffusing processes an exponential growth of the diffusion time with increasing 

viscosity of the surrounding medium was observed. Furthermore, possibilities to improve 

the signal-to-noise ratio through the right choice of the sensor dimensions and the 

exposure time were discussed. The hereby developed measurement method worked out for 

the detection of diffusing gold spheres with sizes ranging from 9 nm to 44 nm. 

The theory for Fluorescence Correlation Spectroscopy which was presented in Chapter 6.1 

is only applicable if the detection volume shows on the one hand a Gaussian profile and is 

on the other hand also far away from any surfaces. For the validation of the Plasmon 

Correlation Sensing a model function has to be found analytically or by numerical simula-

tion to fit the calculated autocorrelations. This function depends on the shape and size of 

the detection volume 

( , , )λ F x y zD =   (6.24) 

with the coordinates of the nanoparticles x, y, z. The mean shift of the plasmon resonance 

provides information about the concentration and can consequently be applied for normal-

ization of the autocorrelation. Besides, the presence of a solid wall and eventually directed 

flow should be considered. The measured diffusion times are drastically higher than 

theoretical values calculated for the same conditions but under the assumption that the 

detection volume is Gaussian shaped and freestanding. For the example demonstrated in 
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Chapter 5.4.1.1 a theoretical value of 0.02 ms can be calculated. This differs from the 

experimental value by a factor of 100. This observation stands in agreement with Wang et 

al.[166] who also observed higher diffusion times within the detection volume of diffusing 

particles when introducing a gold nanoparticle for field enhancement in a FCS experiment. 

Apparently, the surface acts as an obstacle for diffusing particles. When a model is available, 

it will be possible to determine the final diffusion constant which is independent of the size 

of the detection volume. Additionally, also the calculation of concentrations and viscosities 

will be realized. 

Table 5. Overview of selected techniques for the determination of diffusion constants (for more details see Chapter 
6.2.2). The first publications as well as the volume reduction in comparison to the standard Fluorescence Correlation 
Spectroscopy technique are shown. 

technique publication  volume reduction 

Fluorescence Correlation Spectroscopy 
Elson et al.[157] 
1974 

x 1 

Total Internal Reflection Fluorescence 
Thompson et al.[168] 
1981 

x 10 

Stimulated Emission Depletion Microscopy 
Kastrup et al.[170] 
2005 

x 10 

Near-Field Enhancement via gold nanoparticles 
Estrada et al.[172] 
2008 

x 10000 

Plasmon Correlation Sensing 2013 x 5000-10000 

 

The sensing volume is typically in the range of 7.25 ∙ 104 nm3 for the sensors applied in these 

experiments (mean diameter: 35 nm, mean aspect ratio: 2.2) whereas the detection volume 

in a standard FCS experiment is usually about 0.5 μm3.[163] Table 5 compares selected 

techniques for detection of single molecules (an overview about these methods is already 

given in Chapter 6.2.2) in terms of reduction of the detection volume. The Plasmon 

Correlation Sensing method shows a volume reduction comparable to FCS techniques 

combined with near-field enhancement. This opens a window to utilize concentrations in 

the micro- and millimolar regime and consequently to study biological systems. In this 

project, gold nanospheres were used as diffusers. They could only be applied in a nanomo-

lar concentration because they either couldn’t be centrifuged down to higher concentrations 
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or further centrifugation let to aggregation and contribution to background so that a 

measurement of the samples was not possible. Further, it has to be considered that the 

average number of diffusers within the detection volume is inversely proportional to the y-

intercept G(0) of the autocorrelation. A low concentration increases therefore the magni-

tude of the intercept and the quality of the autocorrelation is improved. 

Plasmon Correlation Sensing is limited through 2 major disadvantages. First of all, the 

signal-to-noise ratio is restricted to the size of the diffusing particles. The smaller the 

particles the smaller is the shift per particle. This limitation does not occur in FCS as the 

measured parameter is the intensity of the fluorescent dye. Second, through dye labeling 

specific recognition can easily be realized. Fries et al.[175] even managed to identify different 

dye molecules via their characteristic fluorescence lifetime. Plasmon Correlation Sensing on 

the other hand will be demanding to apply in real biological environments where besides of 

the particles under investigation many other components which can shift the resonance 

position of the sensor as well are present. Beyond, in vivo studies have to be carefully 

analyzed since the inhomogeneous cellular environment acts as obstacles for the diffusers 

under investigation which leads to an alteration of the kinetic constants.[162] 

Further developments of the method of Plasmon Correlation Sensing should focus on 

improvement of the signal-to-noise ratio. In my opinion, there are mainly two strategies. 

First, an even stronger light source can be applied to improve the quality of the plasmonic 

spectrum of the sensor and thus to reduce the fluctuation amplitude of the base signal. 

Second, the utilization of rods with higher aspect ratios would lead to higher shifts per 

diffusing particles. With these improvements it might be possible to study diffusion 

processes of dielectric particles, particularly of proteins in aqueous conditions. As proteins 

shift the resonance wavelength of the sensor due to changes in the refractive index and  not 

due to plasmon coupling like the here utilized gold spheres lower shifts per diffusing 

particles are expected. The gold nanospheres could only be applied in nanomolar concen-

trations. Consequently, it would then be a desirable aim to test the limit of concentration 

that can be utilized for the determination of diffusion constants. Beyond, the diffusion 

constant of particles is strongly dependent on temperature. Installing a temperature 
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controlled device on the microscope would also give access to study diffusion in a tempera-

ture dependent manner. 

All in all, single plasmonic sensors can be applied as new method to study diffusion kinetics 

and a volume reduction by a factor of 5000-10000 in comparison to the standard FCS 

technique is given. Additionally, the technique provides surface sensitivity and can thus be 

applied for the investigation of diffusion processes at the solid-liquid interface. As no 

labeling with fluorescent dyes is necessary the proposed detection scheme does not suffer 

from bleaching effects or alteration of the hydrodynamic radius. Finally, the Plasmon 

Correlation Sensing holds potential for exact determination of diffusion constants in vitro.  

 





 

 

Chapter 7 

Some physicists would prefer to come 

back to the idea of an objective real 

world whose smallest parts exist 

objectivly in the same sense as stones or 

trees exist independently of whether we 

observe them. 

This, however, is impossible. 

 -- Werner Heisenberg 

7 Summary and Outlook 

Within this thesis plasmonic nanoparticles were for the first time applied as sensors to 

resolve and quantify adsorption and diffusion kinetics.  

Plasmonic nanoparticles (further details see Chapter 2) are ideal candidates to investigate 

processes on the single molecule level due to their small sensing area. Consequently, only 

few molecules can adsorb at a time and fluctuations in the measured signal can be moni-

tored whereas in conventional optical sensors many molecules can adsorb and fluctuations 

cancel each other out. To achieve the required temporal resolution and high signal-to-

noise-ratio necessary to investigate these dynamic processes on the single-molecule level 

the Plasmon Fluctuation Setup was introduced in Chapter 3. In comparison to conventional 

dark-field microscopes a white light laser is coupled onto the sample via total internal 

reflection and an EMCCD camera is implemented as sensitive detector. 
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First, I investigated adsorption at the non-equilibrium as well as at the equilibrium state. In 

Chapter 4 the adsorption of single molecules of the blood plasma protein fibrinogen was 

monitored by following the resonance wavelength of one single nanorod over time. A 

systematic evaluation of the time between discrete steps within a timetrace suggests that 

one single adsorption event is resolved as a two-step process with a mean time of 7 s 

between the steps. A comparison of this result with actual publications about the adsorp-

tion behavior of fibrinogen assigns the first step to the adsorption of the fibrinogen 

molecule itself and the second step to the bending of the middle E domain towards the 

surface of the sensor. This holds potential for further investigation of conformational 

changes of different kind of proteins under different conditions. 

Chapter 5 gives an experimental demonstration of how adsorption kinetics can be de-

scribed through observation of equilibrium coverage fluctuations. In comparison to 

conventional methods like Surface Plasmon Resonance this approach enables to extract the 

rate constants within one single experiment, is not affected by mass transport as well as by 

long term drifts in the measuring signal. Studies on the optimization of the signal-to-noise 

ratio demonstrated the importance of the right choice of the sensor size as well as the 

utilized concentration. As system under investigation the surfactant sodium dodecyl sulfate 

was applied in an aqueous salt solution. The observation of its equilibrium coverage 

fluctuations for longer time above the critical micelle concentration allowed the classifica-

tion into an initial slow and a second faster adsorption dynamic which arises probably from 

reorganization processes of micellar structures on the sensor surface. This phenomenon has 

so far not experimentally been accessible in this manner and gives now further insight into 

the adsorption process of SDS on the molecular level. The effect, why sodium dodecyl 

sulfate causes a blue shift in the resonance wavelength of a gold nanorod remains not fully 

understood. However, the basis for a new regime of plasmon sensing which enables the 

detection of small molecules is set. 

In Chapter 6 the sensing volume of a gold nanorod was applied as detection volume to 

observe diffusion of gold nanospheres. Thereby, a diffusing particle entering the sensing 

volume introduces a shift in the resonance wavelength. An exponential growth of the 
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diffusion time with higher viscosity of the surrounding medium was found which served as 

control experiment and as confirmation that the extracted time constants are real. As 

diffusing particles gold spheres with sizes ranging from 9 nm to 43 nm can be detected. 

Investigations on the optimization of the signal-to-noise ratio suggest an exposure time of 

50-100 μs and the usage of a nanorod with mean size of 35 x 78 nm as most practical 

sensor. In comparison to the conventional Fluorescence Correlation Spectroscopy tech-

nique a volume reduction by a factor of 5000-10000 is reached. This holds many advantages 

like the utilization of concentrations in the micro- and millimolar regime and circumstance 

that no labeling with fluorescent dyes is necessary. For validation of the Plasmon Correla-

tion Sensing method a mathematical model is needed to describe the autocorrelation which 

takes the more complex geometry of the detection volume as well as presence of a surface 

into account. 

In summary, this thesis provides a basis for novel applications of plasmonic nanoparticles in 

the field of sensing. Nanoparticles can be utilized to study dynamic processes on the 

molecular level. Therefore, the two most fundamental kinetic processes- adsorption and 

diffusion- were investigated with model systems. This experience will open a window to get 

deeper understanding about more complex biological systems. 
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9 Appendix 

A Nanoparticle Synthesis 

A1 Rods 

The synthesis of gold nanorods was conducted according to Nikoobakht et. al..[98] The 

synthesis consisted of two steps. First, seeds were produced. Therefore, a solution contain-

ing 5 ml of de-ionized water, 5 ml of  0.2 M cetyl trimethylammonium bromide (Sigma) 

and 50 µl of 0.1 M tetracholoauric acid (Sigma) was prepared. Then, 600 µl of 0.02 M 

sodium borohydride (Sigma) was added while being cooled down with ice water. A brown 

coloration indicated a successful synthesis. In the growing step, a solution containing 

3.848 ml of de-ionized water, 5 ml of 0.2 M cetyl trimethylammonium bromide (Sigma), 

50 µl of 0.1 M tetracholoauric acid (Sigma) and 1 ml of 0.25 M sodium chloride was 

prepared. Then 20 µl of 0.04 M silver nitrate (Sigma) and 70 µl of 0.078 M ascorbic acid 

(Sigma) were added. To start the growth process, 12 µl of the previous prepared seed 

solution was added. To synthesize big rods, the protocol was altered as follows: For the 

growth solution, 200 μl of 1 M hydrochloric acid (Merck), 20 µl of 0.04 M silver nitrate 

(Sigma) and 80 µl of 0.1 M ascorbic acid (Sigma) were utilized and the seeds were diluted by 

a ratio of 1:10. The samples were stored at room temperature and heated up to 35 °C to 

resolve the crystallized CTAB before usage. To inject the rods into the flow cell for an 

experiment, a 1:50 dilution was usually prepared. The syntheses were kindly conducted by 

Dr. Inga Zins around 5 years ago. Consequently, aging processes in meantime cannot be 

excluded.  

A2 Spheres 

400 ml of 0.5 mM tetracholoauric acid (Sigma) were heated up to 95 °C while stirring. After 

that, 100 ml of 2 mM trisodium citrate (Sigma) were added. The solution first turned 

colorless, then black, purple and dark red. To avoid aggregation and aging processes, the 

sample was stored in the fridge. This synthesis was gently conducted by Dr. Jonathan Edgar. 
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B Particle Functionalization  

For functionalization, MeO-PEG-SH (840 Da, Iris Biotech GmbH) was used. The following 

protocol was kindly developed by Dr. Liane Slaughter. 

In the beginning the concentration of spheres in solution was determined via UV-Vis and 

the average size was determined by TEM (see appendix C). The calculation of the number 

of PEG chains to cover the nanoparticles was conducted as follows: first the surface area of 

the NPs was calculated. The number of chains per NP was considered to be two times the 

surface area. To guarantee full coverage, a factor of 2 was taken into account. The accordant 

amount of PEG was added. The incubation took place at room temperature overnight 

under continuous stirring.  

Three different samples were functionalized. The first sample contained 17 nm-spheres (see 

appendix C) and were synthesized by Dr. Jonathan Edgar (see appendix A2). The other 

samples consisted of 9 nm- and 44 nm-spheres respectively and were purchased from 

BBInternational. To reduce the size distribution, the samples were centrifuged as follows: 

The sample containing the 44 nm spheres was centrifuged for 10 min at 1000 rpm and the 

supernatant was centrifuged for further 10 min at 1500 rpm. The 17 nm spheres sample was 

centrifuged for 5 min at 5000 rpm, then for 5 min at 7000 rpm and a third time for another 

5 min at 11000 rpm. Between each step, the supernatant was removed. The sample with the 

9 nm spheres was applied without further centrifugation. 

C Nanoparticle Characterization 

C1 Rods 
Table 6. Dimensions of the applied nanorods. Overview of the resonance wavelengths λres, the lengths, widths and 
the surface areas of the applied rods. 

rods 
λres  
in nm 

length  
in nm 

width  
in nm 

surface  
in nm2 

medium 646 77.81±8.06 35.39±6.09 10660.55±2869.10 
big 663 106.92±12.67 49.99±6.57 20867.65±4115.37 
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Table 7 gives an overview of the gold nanorods which were applied as sensors within this 

thesis. The dimensions were determined via TEM (Philips EM-420). The data were 

generously provided by Dr. Irene Ament. 

C2 Spheres 

This table provides the average dimensions and the concentrations of the gold nanospheres 

used as diffusers in Chapter 6. The dimensions were determined via TEM (Philips EM-420). 

The data were kindly measured by Sebastian Harms. 

Table 7. Dimensions of the applied spheres. Overview of the resonance wavelengths λres, the diameters, aspect ratios 
AR and concentrations of the utilized spheres. 

spheres 
λres  
in nm 

diameter  
in nm 

AR  
in nm 

concentration  
in particles/ml 

small 530 8.76±0.74 1.13±0.09 4.23·1012 
medium 529 16.62±2.70 1.10±0.06 2.54·1011 
big 534 43.59±1.99 1.05±0.04 4.31·1010 

 

D Viscosity of Glycerin-Water Mixtures  

 
Figure 44. Dependency of viscosity and refractive index of glycerin-water-mixtures. Viscosity (red) and refractive 
index (blue) increase with the glycerin fraction in solution. Data is valid for room temperature (20 °C). Figure is taken 
from the dissertation of Dr. Irene Ament.[57] 
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Figure 44 shows the exponential increase of the viscosity with increasing percent of glycerin 

in solution. Data is taken from the Dow Chemical Company Website.[176] 

E Additional Data for Chapter 4 

 
Figure 45. Additional adsorption isotherms of fibrinogen. The sketches correspond to adsorption steps. 

 

In Figure 45, additional adsorption isotherms of fibrinogen are shown.  
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Figure 46. Data evaluation of the time between steps. The probability in the number of units within one section that 
is defined by the mean time between 2 neighboring units follows a Gaussian distribution. The corresponding 
timetrace is presented in Chapter 4.4, Figure 14. 

Figure 46 shows that the probability in the number of units within one section that is 

defined by the mean time between two neighboring units follows a Gaussian distribution. A 

unit is defined by the number of steps within one section with the size of a mean time 

between 2 steps. 
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F Additional Data for Chapter 5 

The critical micelle concentration (CMC) in phosphate buffered saline medium was 

determined with a Ring Tensiometer (dataphysics, type DCAT 11EC). According to J. H. 

Clint[177] the CMC is represented by the minimum of the surface tension and was thus 

determined to 0.84 mM. The measurement was kindly conducted in the workgroup of Prof. 

Frey, University of Mainz. 

 
Figure 47. Determination of the critical micelle concentration of sodium dodecyl sulfate in phosphate buffered 
saline. The surface tension of PBS buffer is displayed as a function of the concentration of SDS.  

 

 

 

 

 

0 0.5 1 1.5 2 2.5
30

35

40

45

50

concentration in mM

su
rfa

ce
te

ns
io

n
in

 m
N

/m



C h a p t e r  9 :  A p p e n d i x  | 119 
  
 

 

Sodium thiosulfate can be introduced to remove the CTAB layer and silver bromide on the 

surface of the gold nanorods. Figure 48 shows the change in the resonance wavelength when 

a 50 μM solution of sodium thiosulfate is rinsed into the flow cell. A blue shift of approxi-

mately 1.6 nm can be observed. The timetrace belongs to the measurement presented in 

Chapter 5.4.1.1, Figure 21. 

 
Figure 48. Incubation of sodium thiosulfate. Timetrace of the resonance wavelength of a gold nanorod. When 50 μM 
solution of sodium thiosulfate is introduced a blue shift of 1.6 nm can be observed. The timetrace belongs to the 
measurement demonstrated in Chapter 5.4.1.1, Figure 21. 
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Figure 49 shows additional timetraces which show that SDS introduces a blue shift in the 

presence of salts. The experiment could not be conducted with SDS dissolved in a medium 

containing only KCl due to precipitation of SDS. 

 
Figure 49. Influence of salt on the adsorption behavior of SDS. Timetraces of the resonance wavelength of single 
gold nanorods in different aqueous mediums. Blue shifts were observed when introducing sodium dodecyl sulfate 
with a concentration of 1.7 mM. a) The medium was sodium chloride. b) A mixture of sodium chloride and sodium 
phosphate was applied. c) A mixture of potassium chloride and sodium chloride acted as medium. In all cases the 
same concentrations which are present in phosphate buffered saline were utilized. 
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Figure 50. Time dependency of SDS adsorption. This measurement corresponds to the values presented in Figure 
32c. a) Timetrace of the resonance wavelength of a single gold nanorod functionalized with 1-dodecanethiol. It was 
first rinsed with PBS buffer (dark blue) and then with a buffer solution containing 1.7 mM SDS (red). Shifts in the 
resonance wavelength were monitored for approximately 1600 s. A blue shift in the resonance wavelength indicates 
the adsorption of SDS molecules on the surface. Equilibrium was reached within seconds. After approximately 650 s a 
further increase in the fluctuation amplitude can be observed. b)-c) The corresponding power spectra of the 
timetrace sequences (red) can be described by a single Lorentzian (light blue). For comparison, the power spectra of 
the baseline in PBS buffer are shown (dark blue).  
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G Additional Data for Chapter 6 
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Figure 51. Additional data for the Plasmon Correlation Sensing Project. In each case the timetrace (left) and the 
corresponding autocorrelation (right) including the exponential fit are shown (blue). A medium sized sensor and 
17 nm gold spheres were applied. The timetraces differ in the glycerin ratio. a) 0% glycerin. b) 10% glycerin. c) 20% 
glycerin. d) 30% glycerin. e) 40% glycerin. f) 50% glycerin. g) 60% glycerin. h) 80% glycerin. 
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