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ABSTRACT

Plasmon rulers consisting of two connected gold nanoparticles respond to molec-
ular distance changes with a spectral shift in resonance wavelength accompa-
nied with a total intensity change. Here, I introduce the use of plasmon rulers
as a single-molecule technique for the elucidation of conformational and stiff-
ness changes in single polymers and proteins. The equilibrium fluctuations of a
molecule’s extension are governed by intrinsic molecular properties. Monitor-
ing plasmon ruler trajectories, I obtain the stiffness and extension of polyethy-
lene glycol in varying salt concentrations of different cations. I observe a tran-
sition above about 1.2 mM K+ ion concentration which is specific to potassium
ions and does not occur in the presence of sodium ions. Further I investigate
the conformational cycle of the molecular machine Hsp90. With the help of the
plasmon ruler’s unprecedented observation bandwidth, I detect a third state
inaccessible with other methods. This new state is characterized by dwell times
in the order of dozens of seconds which are rare events only occurring in 1 % of
the cases. Further the influence of nucleotides on the protein is studied leading
to a clear shift of the equilibrium.



ABSTRACT (GERMAN)
Das Plasmonenlineal bestehend aus zwei verbundenen Goldnanopartikeln rea-
giert auf molekulare Distanzänderungen mit einer spektralen Verschiebung der
Resonanzwellenlänge, die mit einer Änderung der Gesamtintensität einhergeht.
Hier stelle ich die Nutzung des Plasmonenlineals als Einzelmolekültechnik für
die Aufklärung von Konformations- und Steifigkeitsänderungen in einzelnen
Polymeren und Proteinen vor. Die Gleichgewichtsfluktuationen der Ausdeh-
nung eines Moleküls sind von den intrinsischen Moleküleigenschaften bestimmt.
Indem ich Trajektorien eines Plasmonenlineals beobachte, erhalte ich die Steifig-
keit und die Ausdehnung von Polyethylenglykol in verschiedenen Salzkonzen-
trationen unterschiedlicher Kationen. Ich beobachte einen Übergang bei unge-
fähr 1.2 mM K+ Ionenkonzentration, der spezifisch für Kaliumionen ist und
nicht in Gegenwart von Natriumionen auftritt. Weiterhin untersuche ich den
Konformationszyklus der molekularen Maschine Hsp90. Mit Hilfe der beispiel-
losen Beobachtungsbreite von Plasmonenlinealen detektiere ich einen dritten
Zustand von Hsp90, der mit anderen Methoden nicht zugänglich ist. Dieser
neue Zustand wird durch eine Verweildauer in der Größenordnung von Duzen-
den von Sekunden und durch sehr seltenes Auftreten der Ereignisse (nur in 1 %
der Fälle) charakterisiert. Außerdem wird der Einfluss von Nukleotiden auf das
Protein studiert, was zu einer klaren Änderung des Gleichgewichts führt.
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1 INTRODUCTION

1 INTRODUCTION

T he static structure of most macromolecules and even proteins is solved
on a routine basis in our days with the help of techniques like x-ray
crystallography and NMR. However, the role of a biological macro-

molecule comes from its dynamics. Thus, the elucidation of the molecule’s con-
formational dynamics is essential to understand its function. [1] Integrating
over time or molecule ensembles is inherent in many measurement principles
leading to averaging out of conformational dynamics. Monitoring one molecule
at a time in so-called ’single-molecule-experiments’ overcomes this issue. In
the past years, single-molecule methods have shed light on protein function,
e.g. optical tweezers, FRET (Förster or fluorescence resonance energy transfer).
[2, 3]

About a decade ago, a new single-molecule technique called plasmon ruler
emerged. [4] Here, the plasmonic properties of metallic nanoparticles are ex-
ploited. Light induces a collective oscillation of the conduction band electrons
relative to the fixed positive metal ions in the metal nanoparticle leading to the
plasmon resonance. When two plasmonic nanoparticles are brought into prox-
imity their plasmons couple which results in a shift of the plasmon resonance in
a distance-dependent manner. Assuming the distance between the particles is
only influenced by a molecule linking the two particles, one can study dynami-
cal processes by monitoring the plasmon resonance over time.

Plasmon rulers offer many advantages as an addition to the single-molecule
toolbox. The scattering of plasmonic nanoparticles is, unlike fluorescent dyes,
of indefinite lifetime due to the absence of blinking or bleaching in plasmonic
light scattering. Plasmons show a higher photon flux than fluorescent probes
or quantum dots. [5] Thus, a new observation bandwidth of single-molecules is
accessible, including higher time resolution and longer observation time.

Plasmon rulers have not been used to the full extent possible as most stud-
ies focus on DNA. The main reason is that the functionalization and assembly
of plasmonic nanoparticles with DNA is well-understood. [6, 7] In my thesis,
I show the potential of plasmon rules to determine the cation-induced stiffness
variations of a polymer and the elucidation of new dynamic conformational
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1 INTRODUCTION

states of an important protein. With these purposes, I developed new reli-
able functionalization and assembly strategies to form single-molecule plasmon
rulers without the need of DNA molecules.

An overview of the state of the art in single-molecule methods, the applica-
tion of plasmon rulers and the physical chemistry of plasmon ruler fabrication is
given in chapter 1. I will derive a new simple linear formula for plasmon ruler
calibration for varying types of spectroscopic read-out as shown in chapter 2.
Possible different routes for the assembly of plasmon rulers will be presented in
chapter 3. Plasmon rulers as a single-molecule technique will be applied to dif-
ferent molecules: In chapter 4, DNA-Hairpins will be investigated; in chapter 5,
I will show how plasmon rulers elucidate polymer dynamics under different
salt conditions and in chapter 6, I will probe protein dynamics with plasmon
rulers with the example of the molecular machine Hsp90.

1.1 COMMON SINGLE-MOLECULE METHODS HAVE LIMITA-

TIONS

A ll single-molecule methods rely on an output signal generated by an
intrinsic change of the molecule under investigation. To study the
conformational dynamics of a molecule and obtain the kinetic con-

stants that govern the process, we need to record the output signal continuously
over time in so-called ’timetraces’.

The output signal depends on the measurement principle of the method.
Here I describe the following single-molecule measurement principles: the patch-
clamp technique in electro-physiology, force-spectroscopy methods (e.g. atomic
force microscopy, optical or magnetic tweezers) and Förster resonance energy
transfer.

2



1 INTRODUCTION

1.1.1 PATCH-CLAMP TECHNIQUE IS ONLY APPLICABLE FOR MEMBRANE

PROTEINS

T he patch-clamp technique in electro-physiology was the first experi-
mental single-molecule method able to study dynamic behavior of ion
channels in cell membranes. The technique was developed by Nobel

Laureates Erwin Neher and Bert Sakmann in the 1970s. [8, 9] A conformational
change in a membrane protein functioning as an ion channel directly deter-
mines whether a specific ion can pass through the cell membrane (open confor-
mation) or if it is trapped on one side of the cell membrane (closed conforma-
tion). The current through the membrane is dependent on the conformation of
the ion channel and can, thus, be measured as output signal for the conforma-
tional change in the protein.

In order to study single membrane proteins, the cell membrane area under
investigation has to be limited. A small patch of a cell membrane is isolated
electrically by applying slight suction with a micro-pipette (see Figure 1.1B). [8]
The current through the patch can be recorded over time with a resolution of up
to 10 kHz. [9] In Figure 1.1A an example timetrace of current changes triggered
by the conformational change in an ion channel dependent on acetylcholine
is shown. Upon acetylcholine binding, the ion channel opens, resulting in a
current change. The timetrace shows discrete current changes as expected for
single molecules.

However, the patch-clamp technique is only suitable for the investigation
of cell membrane proteins that induce a current change through the membrane
upon conformational change. Hence, other techniques applicable in a more
general context were developed.

3



1 INTRODUCTION

Figure 1.1: Patch-clamp technique for single ion channels. a) Individual ion
channels open when ACh (acetylcholine) binds. Timetrace showing discrete
current changes corresponding to conformational changes of one single ion
channel. b) ’Patch pipette’ sucking at the end-plate membrane of a frog mus-
cle fiber in order to perform the patch-clamp current measurement. Figure
reprinted with permission from [9]. © The Nobel Foundation 1991.

1.1.2 FORCE-SPECTROSCOPY DOES NOT INVESTIGATE IN EQUILIBRIUM

F orce spectroscopy describes a set of techniques that investigate a single
molecule by applying force to its ends and measuring the correspond-
ing displacement. [10] Thus, force spectroscopy does not operate under

equilibrium conditions because the molecule needs to be stretched. This non-
equilibrium measurement of work can then be related to the equilibrium free
energy difference according to the Jarzynski equality. [11]

The molecule under investigation is spanned between a surface and a probe.
Force is applied to the molecule through the probe and the extension of the
molecule is resolved by the position of the probe relative to the surface. Hence,
the exact determination of the probe position is crucial, where the biggest source
for measurement error is thermal drift.

Each force spectroscopy method uses a different probe. The most common
ones are atomic force microscopy (AFM), optical tweezers and magnetic tweez-
ers (see Figure 1.2). [10]
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1 INTRODUCTION

Figure 1.2: Techniques for force spectroscopy. a) In atomic force microscopy
(AFM), a tip applies force on the molecule and the extension is detected by a
position-sensitive detector (PSD) b) Optical tweezers pull the molecule tethered
between two optically trapped microbeads apart. c) In magnetic tweezers the
force to the molecule is generated by a magnetic field acting on a magnetic bead.
Figure adapted with permission from [10].

For the utilization of an atomic force microscope in force spectroscopy, a sin-
gle molecule needs to be attached with one end to the substrate and with the
other end to the cantilever. The cantilever is then moved vertically (perpen-
dicular to the imaging plane) pulling up the molecule. Although AFM is the
technically simplest force spectroscopy method, it is more limited in the em-
ployable force range and, thus, not suitable for all biological applications.

Optical tweezers are the combination of two optically trapped microspheres.
The molecule under investigation is tethered in between such two beads. Typ-
ically, one of the trapped beads is hold constant whereas the other trap moves
pulling the molecule apart. The disadvantages are that the beads are in the
micrometer range relatively big compared to the very small molecule (only a
few nanometers) under investigation. Further, the beads need to be separated
by hundreds of nanometers (above the diffraction limit), requiring very large
linkers for the molecule. The laser intensities used for optical trapping induce
local heating that can affect measurement accuracy and induce damage on the
molecule under investigation. On the one hand, optical traps are the most ver-
satile force spectroscopy tool, but on the other hand, they require the most chal-

5



1 INTRODUCTION

lenging technical skills.
In magnetic tweezers the optical trap in optical tweezers is substituted by a

magnetic trap avoiding heating and photodamage. Instead of a dielectric bead,
the molecule under investigation is attached to a magnetic bead that can be
manipulated by an applied magnetic field. Since magnetic tweezers rely on
video-based displacement detection, they are not as sensitive to fast or small
displacements than the other force spectroscopy techniques.

The first application of force spectroscopy methods was the mechanical un-
folding of Titin, a muscle protein, demonstrated by AFM and optical tweezers.
[12, 13] Both methods show a typical ’sawtooth’ pattern in their force-extension
curves. First, the force increases linearly with the extension of the molecule
until a rupture (in the structure of the molecule) occurs, decreasing the force.
This process is repeated several times until the molecule is completely unfolded.
This type of measurement gives insight in the folding landscape of the protein.
Recently also the hidden dynamics at a constant applied force have been inves-
tigated more carefully. [14]

1.1.3 FRET HAS LIMITED OBSERVATION BANDWIDTH

I n contrast to force spectroscopy, single molecule FRET operates under
equilibrium conditions. FRET stands for Förster resonance energy trans-
fer, a non-radiative dipole-dipole-coupling between fluorescent dyes. [15,

16, 17] The molecule under investigation needs to be labeled with two different
dyes, a donor and an acceptor dye. If the two dyes are further apart than the
Förster radius, only the donor dye will be excited. The closer the two dyes get
in respect to each other, the more light is emitted by the acceptor dye and the
less light can be collected from the donor channel (see Figure 8.2).

The distance decay follows an inverse sixth power relationship, generally
limiting the observation range to approximately 10 nm. [18] As FRET relies on
fluorescent dyes, that are prone to bleaching, the overall absolute observation
time is limited to a few minutes. Thus, to get reasonable single-molecule data,
many different molecules need to be investigated and there is a need of averag-
ing.
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Figure 1.3: Single molecule FRET. a) FRET efficiency as a function of inter-
dye distance. The fluorescence that is transferred from donor to acceptor dye
decreases with increasing inter-dye distance. b) .Example of a single-molecule
FRET timetrace where the molecule alternates in between three distinct confor-
mations, also photo-blinking and photo-bleaching is observed. Figure reprinted
with permission from [18].
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1.2 PLASMON RULERS CAN OVERCOME DRAWBACKS

P lasmon rulers rely on the principle of plasmon coupling between two
plasmonic nanoparticles. [19, 20] The closer two plasmons get in re-
spect to each other, the stronger their coupling efficiency becomes shift-

ing the resonance wavelength of the particle pair to lower energies (’red-shift’).
In order to prepare a molecular ruler taking advantage of plasmon coupling, a
molecule needs to be labeled with two plasmonic nanospheres on its opposite
ends. Thus, the resonance wavelength of the ruler as optical readout depends
solely on the extension of the molecule. If this molecule shrinks (or enlarges),
the plasmon coupling between the two spheres will be enhanced (or decreased),
shifting the resonance wavelength to lower energies (or to higher energies), re-
spectively.

The plasmon ruler is a single-molecule technique operating in equilibrium,
unlike the force spectroscopy methods described in Section 1.1.2, and is, thus,
more comparable to the patch-clamp technique and single-molecule FRET (see
Section 1.1.1 and Section 1.1.3, respectively). Patch-clamp is superior to FRET
in respect to the longer observation time and higher time resolution because
the fluorescent dyes in FRET bleach after a few minutes. FRET out-competes
patch-clamp with regards to versatility, since patch clamp can only be applied
to ion channels in cell membranes, whereas almost any (bio)molecule can be
labeled with two fluorescent dyes for FRET. Plasmon rulers are as versatile as
FRET concerning the labeling strategies and offer comparable observation times
to patch-clamp, in view of the unlimited lifetime of plasmons as labels.

In this chapter, I will give a brief literature review about what has been stud-
ied with plasmon rulers. The previous studies can be separated into two main
subjects: one is concerning DNA dynamics and the other one is about plasmon
ruler applications in cell studies.
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1.2.1 PLASMON RULERS CAN ELUCIDATE DNA DYNAMICS

P lasmon rulers as a dynamic single-molecule technique have been demon-
strated experimentally for the first time in 2005. [4] Here, a single strand
of DNA was linked to two nanospheres comprising a plasmon ruler.

The assembly procedure is shown in Figure 1.4A. First, streptavidin coated
nanospheres were immobilized in a microfluidic flow cell. These monomeric
particles appear greenish under dark-field illumination (see left image in Fig-
ure 1.4B). Next, nanospheres functionalized with biotinylated DNA are reacted
with the monomers forming dimers that appear orange in dark-field (see right
image in Figure 1.4B). The dimer formation process can be monitored by col-
lecting single particle dark-field scattering spectra. Upon dimer formation the
resonance wavelength is shifted to higher wavelength compared to single nano-
spheres (see Figure 1.4C). The formed dimers can be utilized as plasmon rulers
because the interparticle distance is defined by the DNA extension.

If single-stranded DNA is incubated with another complementary single
strand of DNA, the two strands will hybridize leading to a length extension.
This process can be probed by the scattering spectrum of a single plasmon ruler
as shown in Figure 1.4D. The spectrum in red corresponds to a plasmon ruler
linked with single-stranded DNA whose resonance wavelength is shifted to
lower wavelength upon incubation with a complementary DNA strand. This
’blue-shift’ is attributed to an increase in interparticle distance stemming from
the enlargement of the DNA after double-strand formation.

Dynamic reversible DNA extension changes could be observed qualitatively
by recording a time series of the resonance wavelength of a plasmon ruler in
different salt environments. In a higher salt concentration the DNA shrinks due
to a reduced Debye screening length indicated by a red-shift of the plasmon
ruler resonance wavelength. When changing to a lower salt concentration the
DNA enlarges leading to higher inter-particle distance and, thus, a blue-shift of
the resonance wavelength. This is the proof-of -principle for reversible dynamic
distance changes probed by plasmon rulers.

9
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Figure 1.4: Plasmon ruler for DNA hybridization. a) Scheme of the assembly
for DNA linked plasmon ruler. The first nanosphere is coated with Streptavidin
and immobilized. Then the second particle functionalized with DNA-biotin is
linked to the first nanoparticle. b) Real color images obtained by dark-field mi-
croscopy of single nanospheres (left) and dimers (right). c) Normalized scatter-
ing spectra of a single nanosphere (green) and a dimer (orange). d) Normalized
scattering spectra of a plasmon ruler linked with single-stranded DNA (red)
and a plasmon ruler linked with double-stranded DNA (blue). Figure reprinted
with permission from [4].

The concept of the single-stranded DNA plasmon ruler is useful for addi-
tional applications. One example is the investigation of DNA cleavage by re-
striction enzymes. [6] In Figure 1.5A, I show a sketch of the interaction of a re-
striction enzyme with a plasmon ruler linked by a single DNA strand. First the
enzyme binds unspecifically to the DNA, until the enzyme sticks to its specific
DNA recognition site. The enzyme bends the DNA and then cleaves the strand.
After cleavage the enzyme falls off the strand and the now loose nanosphere is
removed. These events can be probed by the intensity time series of the plasmon
ruler (confer to Figure 1.5B). The bending of the DNA reduces the inter-particle
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distance resulting in a slight intensity increase. The cleavage of the DNA can
be read out by a large intensity drop since the plasmon ruler gets rid of one
particle.

Similar implementation of plasmon rulers were used to investigate the cleav-
age of RNA by ribonuclease [21], the bending of DNA due to the binding of
transcription factors [22], DNA elongation by telomerase [23] and peptide cleav-
age by caspase [24, 25].

Another interesting study was conducted using plasmon rulers for mea-
suring the stiffness of single-stranded and double-stranded DNA. [7] The ex-
tend of a molecule’s temporal length fluctuations determines its stiffness. The
length fluctuations can be probed by spectral fluctuations of plasmon rulers.
The more the spectral response varies over time, the less stiff is the molecule.
In Figure 1.5C, we see sketches of a DNA plasmon ruler’s equilibrium fluc-
tuations (left) and the probability distribution of the inter-particle separation
(right) of multiple types of DNA. The probability distribution is transformed
in an extension potential that can be described by the Hookean model. The
stiffest extension potential (orange) corresponds to double-stranded DNA of
30 base pairs, the medium potential (green) stems form double-stranded DNA
of 52 base pairs and the softest potential (blue) is attributed to DNA comprised
of single-stranded (40 base pairs) and double-stranded DNA (60 base pairs).

The previous studies found in literature presented here show the potential
of plasmon rulers for detection of bending, elongation and cleavage of biomo-
lecules such as DNA, RNA and peptides.
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Figure 1.5: Plasmon ruler for DNA bending and cleavage. a) Sketch of the
interaction of a restriction enzyme with single-stranded DNA linking a plasmon
ruler. First the enzyme binds to the DNA, then bends and lastly cleaves the
DNA. b) Timetrace showing DNA bending by an increase of intensity and DNA
cleavage by a decrease in intensity. c) The amplitude of the time-dependent
intensity fluctuations of DNA plasmon rulers can be related to DNA stiffness.
Figure adapted with permission from [6, 7].
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1.2.2 PLASMON RULERS ARE USEFUL FOR CELL STUDIES

S ingle protein detection is achieved on individual nanorods for a pro-
tein of 450 kDa. [26] However, most proteins excreted by cells are of
lower molecular weight, e.g. the matrix metalloproteinase 3 (MMP-

3) with 54 kDa. Aptamers are an alternative to antibodies comprised of DNA
that specifically bind certain target molecules. [27] The aptamer for MMP-3
undergoes a conformational change upon protein binding. Constructing a plas-
mon ruler where the aptamer is sandwiched between two nanospheres, the con-
formational change will result in a reduced inter-particle distance and a corre-
sponding red-shift of the plasmon resonance wavelength (see Figure 1.6A). The
plasmon ruler’s resonance wavelength is monitored as a time series shifting
to higher wavelength when the protein is present and shifting to lower wave-
length when the protein is absent. The sensor reacts to the target within 1 s and
reversibility is achieved within the same time.

This plasmon ruler as binding sensor is further applicable to detect excreted
MMP-3 in the proximity of a cell. The plasmon resonance wavelength of a pop-
ulation of plasmon rulers is detected near a cell that is expressing MMP-3 (see
Figure 1.6B) and in proximity to a cell with MMP-3 knocked down (see Fig-
ure 1.6C). The real-color images resulting from dark-field illumination visual-
ize the color change of the plasmon ruler in the presence of secreted MMP-
3 from yellowish orange to orange. The color change is due to the reduced
inter-particle separation provoked by the conformational change in the aptamer
upon protein binding. Quantitatively, the probability distributions of the plas-
mon resonance wavelength of the individual plasmon rulers shows a red-shift
of 10 nm for a cell secreting MMP-3 compared to the knocked down cell. The
magnitude of the spectral shift for a single protein is increased 30-fold com-
pared to plasmonic sensing on nanorods and, thus, more conveniently detected
in cellular environments. [26] In the future, it would be worthwhile to actually
determine excreted protein levels in response to drug targets in real time.
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Figure 1.6: Plasmon ruler for single-protein detection in cells. a) Sketch of
a plasmon ruler linked with an aptamer undergoing a conformational change
upon binding of a single protein. Resonance wavelength of a plasmon ruler
displayed over time while a solution containing the target protein and buffer
is alternated showing reversibility of the sensor. b,c) Real-color images of plas-
mon rulers in proximity to a cell expressing the target protein (b, top) and not
expressing the target (c, top) and the corresponding probability distribution of
the plasmon resonance wavelength (bottom). Figure adapted with permission
from [28].

The resolution in particle tracking is restricted by the diffraction limit. Since
plasmon coupling occurs well below this limit, it is possible to visualize sub-
diffraction limit encounters of nanoparticles by plasmon coupling. [29] Inte-
grin surface receptors diffuse freely in 2D across the cell membrane. Plasmonic
nano-spheres functionalized with antibodies can label the surface receptors and
be utilized to track receptor diffusion. If two receptors co-localize while diffus-
ing, their plasmonic labels will couple resulting in a red-shift of the plasmon
resonance wavelength.

Tracking multiple nanospheres with full spectral resolution is difficult to
achieve in the time frame of diffusing particles. Therefore, the imaging process
is reduced to two wavelength (see Figure 1.7A,B). If a receptor labeled with a
nanosphere is single within the plasmon coupling range, the lower wavelength
(530 nm) will show the highest relative intensity (as in Figure 1.7A). In con-
trast, when two labeled receptors co-localize on the cell membrane, the higher
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wavelength (580 nm) will have the highest relative intensity (as in Figure 1.7B).
A time series with two illumination channels of receptor diffusion on a cell

membrane is shown in Figure 1.7C. First the receptors are single and then co-
localize below the diffraction limit.

The plasmon coupling tracking microscopy has further been applied to study
cell membrane confinement [30], co-localization of epidermal growth factor re-
ceptors [31] and co-localization of different types thereof [32].
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Figure 1.7: Plasmon ruler for analyzing co-localization of cell membrane re-
ceptors. a,b) Sketch of cell receptors labeled with nanospheres (left) and cor-
responding scattering spectra (right). When the membrane receptors are sepa-
rated above the plasmon coupling distance the resonance wavelength seen in
the scattering spectrum is blue-shifted (a) compared to co-localized membrane
receptors (b) where the plasmon coupling leads to a red-shift of the plasmon res-
onance wavelength. c) Image of a cell whose membrane receptors are labeled
with nanospheres. A time series recorded simultaneously with two illumina-
tion wavelengths: 580 nm (top) and 530 nm (bottom) visualizes the diffusion of
two particles that eventually co-localize on the cell membrane. Figure adapted
with permission from [29].
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1.3 INTER-PARTICLE FORCES CAN BE DESCRIBED BY DLVO-

THEORY

T he colloidal stability of a nanoparticle is ensured if the attractive forces
between individual nanoparticles outweigh the repulsive forces. The
main theory used to describe inter-particle forces is the DLVO-theory

(named after Derjaguin, Landau, Verwey and Overbeek). [33, 34]
The attractive inter-particle forces are attributed to van-der-Waals interac-

tions (instantaneous dipole-induced dipole forces). The van-der-Waals poten-
tial between two spherical particles has been derived by Hamaker with the
radius of the two spheres r1 and r2, the center-to-center distance z and the
material-dependent Hamaker-constant AH. [35]

EvdW = −AH

6

(
2r1r2

z2 − (r1 + r2)
2 +

2r1r2

z2 − (r1 − r2)
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[
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2

z2 − (r1 − r2)
2

])
(1.1)

If the inter-particle distance d is much smaller than the radius of the particles
(d� r1 or d� r2), the potential description can be simplified.

EvdW = −AH

6

(
r1r2

r1 + r2

)
1
d

(1.2)

Assuming both nanospheres have the same radius r, the formula reduces
further.

EvdW = −AH

12
r
d

(1.3)

For gold nanospheres, the Hamaker.constant is commonly set to AH = 2.5 ·
10−19 J. [36] Thus, the van-der-Waals potential only depends on the radius of
the nanosphere. In Figure 1.8, I show exemplary potentials for nanospheres
with diameters of 40, 50 and 60 nm. The potential energy increases with in-
creasing radius of the nanospheres and for all sizes the energy increases with
decreasing inter-particle distance. Hence, two nanoparticles approaching each
other will fall into a potential well and will irreversibly bind to each other, if not
avoided by additional repulsion.
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Figure 1.8: Van-der-Waals potential for gold nanospheres. The potential en-
ergy described as van-der-Waals interaction between two gold nanospheres
(inset showing the induced dipoles) against the inter-particle distance for
nanospheres with a diameter of 40 nm (light pink), 50 nm (medium pink) and
60 nm (dark pink). The black dashed lines represent the thermal energy of
±1 kBT. Sketch of the particle pair reprinted with permission from [37].

Electrostatic repulsion hinders the approach of two like-charge nanoparti-
cles. The repulsive potential energy Erep depends on the radius of the nanosphere
r, the inter-particle distance d, the absolute salt concentration c0, the Debye
length κ and the scaled surface potential of the nanoparticles γ.[38, 39]

Erep =
64πkBTc0γ2r

κ2 exp (−κd) (1.4)

The Debye length κ is characterized by the absolute concentration of the ions
in solution ci and their respective valencies zi.

κ =
∑i (zie)

2 ci,0

εε0kBT
(1.5)

For mono-valent ionic solutions (zi = 1) we can derive a shorter formula for
the Debye length. Taking into account all the constants, the Debye length only
depends on the concentration of the salt solution c.

κ =

√
c

0.304 nm
√

mol
L

(1.6)
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The scaled surface potential γ depends on the surface potential of the nanopar-
ticle Ψ0, that is approximately equal to a parameter accessible by measurement,
the ζ-potential. [40, 41]

γ = tanh
(

zeΨ0

4kBT

)
(1.7)

All in all, the repulsive potential mainly depends on the ionic strength of
the surrounding medium as shown in Figure 1.9A and on the ζ-potential as
shown in Figure 1.9B. The ions dissolved in the surrounding medium of the
nanoparticles screen the surface charges of the particles. The higher the ionic
strength of the solution, the shorter the distance until the repulsion potential
gets negligible. For higher ζ-potential of the nanoparticles, the screening of the
surface charges takes place at longer distances.

Figure 1.9: Repulsive potential for gold nanospheres. The potential energy de-
scribed as repulsive interaction between two gold nanospheres with diameters
of 50 nm (inset showing the charge clouds of the particles with their respec-
tive screening from free ions of the solution) against the inter-particle distance.
a) The repulsive energy for varying concentration of a mono-valent salt concen-
tration of 1 mM (light blue), 10 mM (medium blue) and 100 mM (dark blue)
at fixed ζ-potentials of nanoparticles with 40 mV. b) The repulsive energy for
varying ζ-potentials of nanoparticles with 30 mV (light blue), 40 mV (medium
blue) and 50 mV (dark blue) at a fixed salt concentration of 10 mM. The black
dashed lines represent the thermal energy of ±1 kBT.Sketch of the particle pair
adapted with permission from [37].
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According to DLVO-theory, the total interaction potential Etot between two
nanoparticles is the sum of the attractive (van-der-Waals) potential EvdW and
the repulsive potential Erep. [33, 34]

Etot = EvdW + Erep (1.8)

In Figure 1.10, I show the total energy potential (violet) as the sum of the
attractive energy (pink) and the repulsive energy (blue). We observe a primary
minimum for the total energy at short inter-particle distances followed by a po-
tential barrier and a secondary minimum. If the thermal energy of nanoparticles
is lower than the potential barrier, aggregation of nanoparticles is unlikely.

Figure 1.10: Total potential for the interaction of gold nanospheres. a) The to-
tal energy (violet) described as the sum of the repulsive (blue) and the attractive
(pink) interactions between two gold nanospheres against the inter-particle dis-
tance for a particle pair with a diameter of 50 nm with a ζ-potentials of nanopar-
ticle surface of 40 mV dissolved in solution with a salt concentration of 10 mM.
For interparticle distances above 6 nm the potential lies within the thermal en-
ergy of ±1 kBT (represented by the two dashed black lines). b) The same values
as in a) are shown as a zoom-in.

So far, I have only considered the energy contributions from classical DLVO-
theory, the attractive van-der-Waals-energy and the repulsive electrostatic en-
ergy. However, it is possible to stabilize nanoparticles against the attractive
energy with other sources of repulsion, e.g. steric or electro-steric. [37]

Steric repulsion is achieved by grafting a polymer layer to the surface of
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each nanoparticle. Due to steric hindrance the nanoparticles are repelled from
each other and can not get close enough avoiding aggregation. This repulsion is
entropic, since two approaching polymer chains reduce the degree of freedom
of each other. [42]

Electro-steric stabilization is achieved by taking advantage of both repulsion
effects, steric and electrostatic. Therefore, polymer chains containing charged
groups are grafted to nanoparticles.

The nanospheres used in this work for plasmon rulers are mainly stabilized
due to steric repulsion. The plasmon ruler technique is only practicable for
inter-particle distance above 6 nm because if the particles come closer together
they will irreversibly stick. The plasmon ruler is supposed to be a force-free
technique, thus, this minimum distance should be ensured. A 3 nm functional-
ization layer on either of the two particles forming the dimer would be enough.
In this work, the PEG and also the DNA ligands exceed this limit enabling the
investigation under force-free conditions.
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2 PLASMON COUPLING IS QUANTIFIED BY THE SEN-

SITIVITY OF DISTANCE L

C oupling of plasmons can be described by the plasmon hybridization
model in analogy to the hybridization of atomic orbitals in molecules.
[43] When two metal nanoparticles are brought into proximity their

plasmon modes hybridize, leading to a lower energy bonding plasmon mode
(red-shift of the resonance wavelength).

The red-shift of the bonding plasmon mode increases almost exponentially
with decreasing inter-particle distance. [19, 44] This relationship can be ex-
ploited to determine the inter-distance from the plasmon resonance wavelength
of a particle pair.

However, from the used formula so far, it is not intuitive to directly esti-
mate the expected shift in the resonance wavelength for a given change in inter-
particle distance, caused e.g. by a length change in the molecule linking the
particles (plasmon ruler).

Here I derive a new simple formula defining a sensitivity of the particle pair
for the length change of a molecule, I call L. I form the first derivation of the
exact exponential description for the relationship and linearize it. Thus, one
needs to simply divide the resonance wavelength shift of the particle pair by
the factor L to deduce the length change of an investigated molecule.

This new simple formula can be easily and fast used for calculating molec-
ular length changes. Using only a proportionality factor will help to open the
way for the technique of plasmon rulers employed for single-molecule studies
to a broader audience, e.g. to biochemical laboratories.
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2.1 THERE ARE THREE SPECTROSCOPIC READ-OUT METHODS

FOR PLASMON RULERS

T he shrinking of a linker connecting a plasmon ruler leads to a shorter
inter-particle distance and, thus, to higher resonance wavelength (’red-
shift’) and an increase in absolute intensity due to stronger coupling

efficiency. There are three different ways to determine the interparticle distance
spectroscopically (see Figure 2.1):

1. Determination of the resonance wavelength

2. Determination of the change in an intensity ratio

3. Determination of the change at a single wavelength

Figure 2.1: Spectroscopic methods to determine interparticle distance. a) Res-
onance wavelength method. The difference of the resonance wavelength of the
stretched (left) and shrunk (right) dimer is proportional to the inter-particle dis-
tance. b) Dual-wavelength method. One wavelength (green) does not change
during linker dynamic and can, thus, serve as internal reference correcting in-
strumental drift. The other wavelength (red) increases with decreasing inter-
particle distance. The change in the ratio of the two normalized wavelength is
proportional to the distance. c) Single-wavelength method. The reference wave-
length can be omitted for drift-free measurements and the absolute intensity is
used to convert to distance changes.

In order to monitor the time-dependent dynamics of the molecule I need to
record the resonance wavelength or the intensity of a single dimer over time,

24



2 PLASMON COUPLING IS QUANTIFIED BY THE SENSITIVITY OF DISTANCE L

measuring a so-called timetrace. In Figure 2.2), I compare the spectroscopic
readout of both methods investigating a similar plasmon ruler. The resonance
wavelength shift detection is performed in a conventional single particle dark-
field microscope acquiring spectra over time of one single particle at a time.
[27, 45] The intensity time-trace was collected with the help of a spectral imag-
ing setup, where many of such timetraces can be collected in parallel (brief de-
scription of the setup in Appendix Section 8.1). *

Both methods are suitable to visualize the distance change of a molecule
while it continuously reversibly shrinks and expands. However, the noise level
of the intensity method is lower than that of the resonance wavelength method
as can be seen by comparing the histograms in Figure 2.2. The bisected his-
togram from the wavelength method (Figure 2.2A) is masked by setup noise
more pronounced than that measured by the intensity method (Figure 2.2B).

Considering the advantages of intensity-based detection, lower noise level
and parallel recording of many timetraces improving the statistical quality of
the plasmon ruler as a single-molecule method, the main results in this work
were obtained by measuring spectral imaging timetraces.

*The setup was developed by Weixiang Ye
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Figure 2.2: Comparison of dynamic plasmon ruler investigated with full spec-
tral resolution and with intensity detection. a) Monitoring the resonance
wavelength of a plasmon ruler while a molecule is altered continuously be-
tween shrunk (dark-colored regions) and stretched (light-colored regions) con-
formation clearly resolves the two conformations b) The same experiment was
repeated only detecting the intensity change at a specific wavelength leading
to similar results, but less noisy data visualized in the higher separation of the
histogram b) compared to a).
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2.2 PLASMON COUPLING CAN BE DESCRIBED AS AN EXPO-

NENTIAL DECAY

T he distance-dependency of the inter-particle separation of two nanopar-
ticles has been probed experimentally. In one experiment, nanodisks
were lithographically created with varying separations (see Figure 2.3A).

[19] Here a universal exponential decay could be fitted when the resonance
wavelength shift was plotted against the fraction of inter-particle separation
divided by the nanodisk diameter.

Another study showed a similar exponential decay function by linking nano-
spheres with DNA of varying length (see Figure 2.3B). [44] This relationship is
well-described also by the universal scaling law suggesting that also flexibly
linked plasmon rulers can be calibrated with an exponential decay.

Figure 2.3: Relationship of the plasmon resonance wavelength of a particle
pair depending on their separation. a) Nanodisks prepared by lithography
show a distance-dependent exponential decay. Figure reprinted with permis-
sion from [19]. b) The same relationship is experimentally suggested by parti-
cles pair linked by DNA of varying length. Figure reprinted with permission
from [44].

I use this universal exponential decay function fitted to both experimental
data sets for deriving the plasmon coupling sensitivity.
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2.3 PLASMON COUPLING SENSITIVITY FOR RESONANCE WAVE-

LENGTH SHIFTS IS LINEARIZABLE

I n plasmonic biosensing, the shift of the plasmon resonance wavelength of
a single nanoparticle is linearly related to the change in refractive index
(see Figure 2.4A). The first derivative of a linear function is a constant

factor, that is defined as the sensitivity S (see Figure 2.4B). [46] This makes the
plasmon resonance wavelength shift in biosensing easily linkable to a refractive
index change.

Figure 2.4: Sensitivity in refractive index sensing and plasmon rulers.
a) When changing the refractive index of the surrounding medium around a
plasmonic nanoparticle its resonance wavelength shifts linearly. b) The first
derivative for refractive index sensing is a constant factor S. c) The inter-particle
distance change shifts the resonance wavelength of a particle pair following an
exponential decay d) The first derivative for the length sensitivity L in plasmon
rulers is not a constant, but certain regions can be approximated as constant (see
zoom-in).
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Such intuitive formula for the sensitivity of plasmon rulers for length changes
in molecules is missing. The formula deduced previously is a complicated ex-
ponential function, that relates the shift in resonance wavelength ∆λ to the
inter-particle distance d depending on the diameter D of the nanospheres the
plasmon ruler is constructed of (see Figure 2.4C). [19]

∆λ = 100.8 nm · exp
(
− d

0.23 · D

)
(2.1)

I define the sensitivity of length change L of a molecule linking a particle
pair as the derivative of the exponential function (same approach as used for
the definition of the refractive index sensitivity).

L =
∂∆λ

∂d
=

44
D

nm
Å
· exp

(
− d

0.23 · D

)
(2.2)

Linearizing the exponential function is possible in some regions (see Fig-
ure 2.4D). Therefore one needs to know the particle diameter and the approxi-
mate medium inter-particle distance.

The sensitivity of molecular length change L depends on the particle diam-
eter of the single nanospheres forming a plasmon ruler and the approximate
mean inter-particle distance.

Most common sizes for nanospheres used in plasmon rulers are between 40
and 60 nm in diameter because smaller particles are harder to see in dark-field
contrast and bigger particles are more likely to influence the molecule under
investigation (confer to Section 1.3).

In Figure 2.5 I show exemplary sensitivity values L for 40 nm (light colored
bars) and 60 nm nanospheres (dark colored bars) versus approximated inter-
particle distance d mean values. For d = 112 nm, both particle sizes have the
same sensitivity. For inter-particles distances larger than this value, 60 nm di-
ameter nanospheres show higher sensitivity and for lower values the 40 nm
nanospheres are more sensitive.

Thus, the larger the molecule to be studied with plasmon rulers, the bigger
the size of nanospheres needed to achieve sufficient sensitivity.
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Figure 2.5: Exemplary length sensitivity L for selected plasmon rulers. Bar
plot showing length sensitivity against average inter-particle distance for 40 nm
(light-colored bars) and 60 nm (dark-colored bars) plasmon rulers.

2.4 PLASMON COUPLING SENSITIVITY IS ALSO APPLICABLE

IN INTENSITY MEASUREMENTS

I n order to transfer the sensitivity of distance valid for resonance wave-
length shifts to intensity shifts, simulations with the BEM† (boundary el-
ement method) were conducted. [47] Spectra for two nanospheres with

varying interparticle distances from 5 to 30 nm in 1 nm steps were simulated.
52 nm was used as diameter of the gold spheres in these calculations taking
into account the tabulated optical constants for gold. [48] The spheres were
supported on a glass substrate (n = 1.5) and surrounded by homogeneous
medium with a refractive index n = 1.34. The simulated spectra are shown in
Figure 2.6A. An increase of absolute scattering intensity is observed for decreas-
ing inter-particle distance. Thus, not only wavelength shifts can be calibrated
to distance changes, but also either the absolute intensity change or the inten-
sity at a specific wavelength are suitable. If one looks at a single wavelength,
one should choose one at the lower energy side of the spectrum because this
side of the spectrum is stronger affected by inter-particle distance changes (see

†Simulations using BEM were carried out by Weixiang Ye.
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Figure 2.6A).
The universal scaling law for plasmon coupling has only described for reso-

nance wavelength shifts. [19] The intensity changes with decreasing interparti-
cle distance are not predicted because the overall scattering intensity increases
with decreasing interparticle separation. Figure 2.6B shows the spectra normal-
ized to the spectrum with an expected average interparticle distance d = 17 nm
(approximately the mean equilibrium length of PEG3000 + Streptavidin, confer
to Section 5). [49, 50]

I only observe tiny changes in the normalized scattering intensity I1,norm at
the transverse resonance wavelength of the dimer (λ1 = 560 nm). Hence, I can
use this intensity value as an internal reference to a second wavelength λ2 =

632 nm, at which I observe a clear increase of the normalized intensity I2,norm

with decreasing interparticle distance. I define the ratio ρ of the normalized
intensity λ2 to the normalized intensity at λ1 as a measure for the interparticle
distance.

The simulated ratio ρ as a function of interparticle distance d looks like an
exponential trend (ρ (d) = I2,norm (d) / I1,norm) as shown in Figure 2.6C. This
exponential trend is similar to the trend observed for the resonance wavelength
but with a constant offset. The calculated values in Figure 2.6C are best de-
scribed by the following equation:

ρ (d) ≈ 0.84 + 4.53 · exp (−0.2D) (2.3)

In principle, this equation is applicable for converting the measured ρ values
to interparticle distances d. However, I should consider the relatively small
distance changes expected around the equilibrium position < d > and the un-
certainty concerning the exact nanoparticle diameter and the linker length due
to their respective size distributions. With these considerations, I conclude that
a linear conversion factor L helps to convert ρ values quickly to interparticle
distances with negligible error.

L =
dρ

dx
|<d>= 0.906 · exp (−0.2· < d >) ≈ −0.03/nm (2.4)

In Figure 2.6D, the linear approximation is depicted as red line and the exact
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prediction as blue line. Both functions do not differ much within the range
of expected interparticle distances. Thus, the sensitivity of length change for
plasmon rulers L can be used for plasmon rulers with both read-out types, res-
onance wavelength shifts and also intensity shifts.
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Figure 2.6: BEM Simulations. a.) AuNP dimer spectra calculated by BEM with
increasing the interparticle distance. b.) Spectra shown in ‘a’ normalized to the
spectrum of the equilibrium particle separation < d >= 17 nm. The green dot-
ted line (λ1 = 560 nm) corresponds to the transverse plasmon mode. It does
not react (much) on distance changes and is used as internal reference. The
red dotted line (λ2 = 632 nm) corresponds to the longitudinal plasmon mode
and changes strongly with particle separation. c.) The ratio ρ of the normalized
intensities at the two wavelengths shown in panel b is used as a measure for
the interparticle distance d. Its values are shown as dots. The data points are
well described by the function ρ = 0.84 + 4.53 · exp (−0.2d) (blue line). The
area marked by a black box marks the region of values relevant in the experi-
ment. d.) A zoom into the relevant region shows that the trend of ρ (d) is well
approximated by a linear relation with a slope L = dρ/dx ≈ −0.03/nm (red
line) around the equilibrium particle separation < d >. Figure included in the
manuscript accepted as [51].
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3 PLASMON RULER ASSEMBLY IS A KEY CHALLENGE

FOR PLASMON RULERS OF PROTEINS

T he preparation of plasmon rulers relies on the assembly of two plas-
monic nanospheres linked by a single molecule tether. The sandwich-
like assembly of this nanostructure faces challenges concerning the

functionalization of each nanoparticle, tether molecule stability and the reac-
tivity of the substrate among others. Each nanoparticle from the nanoparticle
pair has to be functionalized independently to ensure its specific reactivity with
the single molecule tether. Only one of the nanoparticles from the pair should
bind to the substrate to ensure mobility of the second nanoparticle. The assem-
bly of the plasmon rulers by using a single DNA molecule has been investigated
in the last years (confer to Section 1.2 for more details). [4, 6, 7, 21, 28]

However, one of the most interesting biomolecules, proteins, have not yet
been studied with plasmon rulers. Elucidating protein dynamics is a crucial
step in understanding protein function relevant in all living organisms. [52]
With the plasmon ruler’s, in principle, unlimited lifetime, it would be possible
to study proteins for observation times long enough to detect rarely populated
conformations.

In this chapter, I will address the challenges faced in plasmon ruler assembly
involving proteins. In order to find a suitable assembly route, I will explore two
types of assembly routes: assembly in solution and assembly on a surface. I will
show that the assembly in solution is advantageous compared to the assembly
in solution. Therefore, I will present experiments addressing the assembly in
solution with different purification schemes, such as gel electrophoresis, den-
sity gradient centrifugation and pull-down assays, in Section 3.3.1. All of these
purification schemes are inferior to the assembly in surface presented in Sec-
tion 3.3.2. Here, I will show that the assembly on a surface forms less byprod-
ucts, needs less amount of sample compared to the assembly in solution. Fur-
ther, the prepared dimers are directly ready to measure. Therefore, after ex-
ploring both assembly methods, in solution and on a surface, I will choose to
assemble the plasmon rulers on a surface for plasmon ruler applications.
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This assembly route on surface leads to fluctuating protein plasmon rulers
using polyethylene glycol (PEG) as protein-repellent coating for the nanospheres
and the substrate. The single molecule linkage is ensured by mixing functional
PEG with non-functional PEG similar to previous studies. The protein was at-
tached covalently using maleimide-cysteine chemistry.

My results obtained with the model protein Hsp90 might be adapted to other
proteins broadening the applicability of plasmon rulers. Mastering plasmon
ruler assembly is the key step in order to establish plasmon rulers as a comple-
mentary single-molecule technique in biophysical studies. This would allow
for testing the influence of different binding partners to the dynamic behavior
of proteins. Another possibility would be investigating the effect of drugs on
dynamics is interesting for pharmaceutical research.

In our group, Janak Prasad has shown a 30 min long investigation of protein
conformational changes with plasmon rulers in his PhD thesis. [53] However, in
the dimer assembly only about 3 % of the monomers formed dimers and protein
fluctuations could only be observed on very few of the assembled dimers. Al-
though this study showed the successful assembly of plasmon rulers with pro-
teins and also single protein fluctuations, the lack of reproducibility and statis-
tics complicated the extraction of statistically meaningful kinetic constants. In
order to overcome this, the goal of this work was to develop an assembly tech-
nique with higher efficiency. Given the task, higher efficiency, I need to consider
the following challenges within the assembly process:

1. Proteins must be functioning after the assembly process of the plasmon
ruler for protein studies. Thus, this process is constrained to be not harm-
ful for proteins.

2. As plasmon rulers should be used as a single-molecule method, the oc-
currence of multiply linked plasmon rulers has to be avoided. This is
not trivial, because the two nanospheres might contain multiple linking
points.

3. A challenge for establishing plasmon rulers as a routine method in bio-
physics is to make the assembly fast and efficient. Also the assembly
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process should be fast to prevent harming the protein which might not
tolerate the assembly conditions.

4. For the read-out in dark-field microscopy, immobilization of the plasmon
ruler is required with only one of the spheres forming the plasmon ruler
and the other sphere should be mobile in solution.

I will now address the mentioned main four challenges or constraints for using
plasmon rulers for protein studies in individual subsections.

3.1 PLASMON RULER ASSEMBLY SHOULD NOT HARM PRO-

TEINS

I n order to assemble plasmon rulers, each of the individual nanoparticles
needs to be functionalized to couple selectively to each other. Therefore,
their original ligand shell (stemming from wet-chemical synthesis) must

be replaced. Usually, this is carried out by a linker, that has two different func-
tional groups on both of its ends. One of the ends of the linker is supposed to
bind to the nanoparticle surface. For the most common plasmonic nanoparti-
cles, gold nanoparticles, mainly thiol-groups are used. Sulfur forms a covalent
bond to gold, [54] stronger than the affinities of other functional groups, such as
amine or carboxyl groups, and can replace these other ligands. The second end
of the linker contains the functional group, that the nanoparticle needs to carry
out its task. This functionality on the exterior of the nanoparticle can be used to
couple it to another nanoparticle that has also been functionalized accordingly.

In order to stay correctly folded, proteins only tolerate specific conditions.
The plasmon ruler process must be constrained in this respect. Oxidizing or re-
ducing agents need to be avoided, because they could reduce or oxidize amino
acids forming the protein sequence. The reagents used in the assembly process
have to be water-soluble, because proteins only tolerate aqueous solutions (or
maybe a maximum 5 % of an organic solvent, for example DMSO). The plas-
mon ruler is ideally assembled at room temperature, because elevated temper-
atures (above 40 °C) denature proteins. Strong bases or acids change the three-
dimensional structure of proteins, thus, the pH should be buffered between
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5− 8 depending on the specific protein. Often a specific salt concentration, for
example of 150 mM is required to keep the protein intact. The specific values
for the protein chosen in this work, Hsp90, are listed in Table 3.1

Table 3.1: Conditions tolerated by Hsp90.

pH 6.7 − 7.4

ϑ / °C < 37

c(KCl) / mM 20 − 150

c(MgCl2) / mM 10

ϕ(DMSO) / vol% < 5

3.1.1 LINKING STRATEGIES MUST BE SUITABLE FOR PROTEINS

O ther single-molecule techniques, like optical tweezers and atomic
force microscopy (AFM), require linking of two probes similar to
the plasmon ruler. The main linking schemes used in the mentioned

techniques are DNA linkers and biological tags. [10, 55]
Considering the conditions constraining the plasmon ruler assembly with

proteins, applicable linking strategies include: [56]

1. Dithiolated linkers

2. Click chemistry

3. DNA linkers utilizing base pairing

4. Biological tags (like streptavidin-biotin, digoxigenin-anti-digoxigenin or
His-tag)

5. Bio-conjugate covalent crosslinkers

I will now describe the above listed linking strategies in individual subsections.
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3.1.1.1 DITHIOLATED LINKERS

C onsidering the strong affinity of thiols to gold, the most direct way to
bridge two gold nanoparticles is employing a dithiolated linker. This
linker could contain the molecule under investigation, for example a

protein with two thiol functionalities. In theory, one thiolated end would bind
to the first gold nanoparticle and the other thiolated end to the second nanopar-
ticle. This strategy has been used for forming dimer linked by alkanedithiols.
[57] Alkanedithiols are suitable for this purpose because they are so rigid that
it is unlikely for them to bend in such a way that both thiols bind to the same
particle.

I tried to expand this approach using dithiolated polyethylene glycol in or-
der to form plasmon rulers investigating polymer dynamics. Since PEG is a less
rigid molecule than alkanes, it is indeed possible for one single PEG to bind with
both thiol groups to a single nanoparticle. If PEG molecules are in high excess
compared to the nanoparticle concentration, all particles will be fully covered
by PEG, before cross-reactions between individual particles take place.

I use a batch assembly approach (confer to Section 3.3.1) because both nano-
particles forming the dimers need to be present at the same time. In order to
find an optimal ratio of dithiolated PEG to nanoparticles, I added varying con-
centrations of PEG to a fixed amount of nanoparticle solution. In Figure 3.1A
I show extinction spectra of dithiopegylated nanospheres with increasing con-
centration. The resonance wavelength first increases to higher wavelength with
increasing PEG concentration indicating dimer formation and then, with even
higher ligand concentration, decreases again suggesting dispersion of single
nanoparticles fully covered with a ligand shell.

The same conclusions can be drawn from Figure 3.1B showing a gel picture
from gel electrophoresis. Only the particles pegylated with the highest concen-
trations (lane 5 and lane 6) move considerably meaning they are smaller than
the aggregated particles in the other lanes.

Although dimer formation was achieved here, the purification of those ac-
cording to Section 3.3.1 is difficult because the higher-order aggregates are not
mobile in gel electrophoresis due to their lack of charge. A possibility to in-
troduce charges would be to use a ligand mixture, but a fine adjustment of the
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adsorption kinetics of the different ligands would be necessary in order to keep
assembling dimers. Maybe the purification with HPLC would be successful.

Our model protein, Hsp90, contains two mutated cysteines, meaning two
thiol functions. The direct coupling of the thiols to the gold surface would not
be recommended because proteins can denature upon direct contact with a gold
surface. [26] Hence, it would be necessary to modify the thiols on the protein
with a linker which contains another thiol on the outer end. This scheme is
difficult to realize due to unwanted side-reactions with the competing thiols.
For other proteins without thiols, the dithiolated linker would be a worthwhile
strategy.

Figure 3.1: Dimer formation with dithiolated PEG. a) Extinction spectra of
nanospheres pegylated with dithiollinker show first an increase of the reso-
nance wavelength and then a decrease with increasing linker concentration.
b) Picture of a gel after gel electrophoresis showing Vitamin B12 in lane 7 as
reference. Lanes 1 - 6 show nanospheres coated with increasing ligand concen-
tration. Only the nanospheres coated with high ligand concentrations (lane 5+6)
move in the electric field suggesting they are smaller (monomers) than the par-
ticles coated with lower ligand concentrations (dimers and other aggregates).
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3.1.1.2 CLICK CHEMISTRY

T he term click chemistry refers mainly to the copper catalyzed cou-
pling of an azide to an alkyne. It has been successfully used to cou-
ple small nanospheres (with a diameter of 14 nm, see Figure 3.2). [58]

To use click chemistry in plasmon rulers, I needed to expand this functional-
ization to bigger nanospheres (40 nm) to improve plasmon ruler sensitivity for
our relatively large protein (8 nm). [19] To date the commercially available lig-
ands (thiol-linker-azide and thiol-linker-alkyne) are too short to stabilize bigger
nanospheres. Thus, it would be needed to synthesize the linkers tailored to the
application.

Using click chemistry with proteins requires an attachment point in the pro-
tein sequence. Usually, this is achieved by mutation with an unnatural amino
acid. Our collaborators tried this mutation on our model protein, Hsp90, but
the protein did not tolerate this mutation. Therefore, the approach of click
chemistry was not further pursued. For other proteins the mutation might be
working and then also the click chemistry assembly strategy for plasmon rulers
should be possible.

Figure 3.2: Click chemistry with gold nanoparticles. Nanoparticles functional-
ized with an alkyne (blue) can be coupled to nanoparticles functionalized with
an azide (red) with sodium ascorbate and Cu2+. Figure reprinted with permis-
sion from [58].
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3.1.1.3 DNA HYBRIDIZATION

T wo strands of DNA can bind to another (hybridization), if their base
pair sequence is complementary, and only fall apart again when ex-
posed to elevated temperatures (their strand specific melting tempera-

ture). Double-stranded DNA forms so effectively because of π-π stacking of the
DNA base pair and hydrogen bond formation. Using DNA-hybridization leads
to the coupling of two particles functionalized with matching DNA-strands.
Therefore, in some of the plasmon ruler studies for DNA investigation, one set
of nanospheres was functionalized with a single DNA strand and the other one
with its complementary DNA strand and, thus, the plasmon ruler was formed
due to hybridization. [6, 7, 21]

For studying DNA with plasmon rulers, the functionalization of two sets of
nanospheres with matching strands, is the most direct way. [7] Since the func-
tionalization strategy is routine and optical tweezers experiment also use DNA
as a linker to study protein dynamics, [2] it should, in principle, be possible to
use DNA as linkers for studying protein dynamics. For optical tweezers exper-
iments with Hsp90, the protein has been modified with two DNA strands and
each of the two beads was modified with a large DNA linker (370 nm) with a
small overhang (12 nm). This overhang was complementary to the DNA cou-
pled to Hsp90, so that the DNA strands hybridize and form the optical tweezers.

I tried to use this strategy for plasmon rulers by replacing the large DNA
linkers (370 nm) of optical tweezers with a small DNA linker (3 nm). In Fig-
ure 3.3, I show a sketch drawn to scale for the plasmon ruler with DNA linkers.

In case of our model protein, Hsp90, I observed binding of DNA-functional-
ized Hsp90 as well as unmodified Hsp90 to DNA-coated nanoparticles (confer
to Figure 3.4). This unspecific binding is likely caused by the ATP binding do-
main in Hsp90. [59] For optical tweezers, the linker interaction with the protein
is not a problem because the tweezers are tightened before the start of the mea-
surement. This is not possible with plasmon rulers as a force-free method. For
other proteins, DNA-linkers might be a good approach.
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Figure 3.3: Strategy for Hsp90 plasmon ruler with DNA linkers. Gold
nanospheres are functionalized with thiolated DNA strands consisting of a
short linker (3 nm) and a complementary part (12 nm). The thiols in the cys-
teines of Hsp90 were reacted with maleimide-DNA that is complementary to
the DNA on the gold nanoparticles. Overhang of the DNA sequence is simi-
lar to optical tweezers experiments. [2] Hsp90 sketch adapted with permission
from [60].

Figure 3.4: Unspecific binding of Hsp90 to DNA. Shift in resonance wave-
length for individual nanoparticles (each cross) functionalized with DNA incu-
bated with Hsp90 (a) or Hsp90 coupled to complementary DNA (b). Hsp90 can
not be washed off indicating unspecific binding.
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3.1.1.4 BIOLOGICAL TAGS

B iological tags are employed widely used in biochemistry to specifi-
cally connect non-covalently. For connecting probes in other single-
molecule techniques, like optical tweezers and atomic force microscopy

(AFM), biological tags are the most common attachment schemes. [10, 55] Com-
mon biological tags include streptavidin-biotin, digoxigenin-anti-digoxigenin
(dig-anti-dig) or NTA-His-tag. [61] An overview of binding affinities and size
of the systems is given in Table 3.2. For plasmon ruler assembly, a higher bind-
ing affinity (lower KD), a higher association rate (kon), a lower dissociation rate
(ko f f , with ko f f = KD · kon ) and a smaller linker molecule is preferred because
the linkage should be stable and as small as possible.

The NTA-His-tag interaction has the smallest size increase in linkage < 1 nm,
but the binding affinity (10−6 M) is not as high as in the streptavidin-biotin
system (10−14 M). The association rate for streptavidin-biotin (5 · 108 M−1s−1)
is higher compared to NTA-His-tag (102 s−1) leading to a faster assembly for
streptavidin-biotin plasmon rulers. The dissociation rate for streptavidin-biotin
(5 · 10−6 s−1) is lower compared to NTA-His-tag (10−4 s−1) leading to a lower
frequency of bond disruption for streptavidin-biotin which is preferred in plas-
mon rulers. The average duration until one bond disrupts is 50 s for dig-anti-
dig, 3 h for NTA-His-tag and 56 h (2.3 d) for strep-biotin. The strep-biotin bond
has the highest lifetime and is therefore the most suitable of the three biological
tag systems. Since the size increase of 5 nm from streptavidin can be accepted
in plasmon ruler assembly, the streptavidin-biotin-system is the most suitable
from the biological tags.

For plasmon ruler assembly, one set of particles is coated with streptavidin,
whereas the other set is functionalized with a bi-functional linker, containing
a thiol and a biotin on either end. The thiol attaches to the gold surface and
the biotin is the function on the exterior of the particle. Next the biotin particle
binds to the streptavidin particle. The most practicable way is that the molecule
under investigation serves as linker and, thus, it is necessary to tag this molecule
with the two required functionalities (thiol and biotin).
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Table 3.2: Binding affinities and size of different biological tags.

strep-biotin [62, 63] dig-anti-dig [64] NTA-His-tag [65]

diameter / nm 5 15 < 1

KD / M 10−14 10−9 10−6

kon / M−1s−1 5 · 108 2 · 107 102

ko f f / s−1 5 · 10−6 2 · 10−2 10−4

ko f f / min−1 3 · 10−4 1.2 0.01

ko f f / h−1 0.02 72 0.36

Many of such bi-functional linkers are commercially available, for example
DNA can be modified with thiol and a biotin on either end. In some studies
investigating DNA, one nanosphere was functionalized with streptavidin and
the other nanosphere with a biotinylated DNA-strand. [4, 28] This strategy was
also employed to study DNA-hairpins in this work (confer to Section 4). In
this work, I expand the concept to polymer studies, employing as linker a bi-
functional polyethylene glycol (see Section 5). This concept can, in principle,
be extended to proteins where the protein would be biotinylated and then bind
to streptavidin coated nanoparticles (see Figure 3.5). However, I decided not to
follow this strategy for Hsp90.
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Figure 3.5: Strategy for Hsp90 plasmon ruler with streptavidin-biotin. Gold
nanospheres are functionalized with thiolated streptavidin (5 nm, in violet). The
thiols in the cysteines of Hsp90 could be reacted with maleimide-biotin. The
biotinylated Hsp90 will then bind to the binding pockets of streptavidin and
form the dimer. Hsp90 sketch adapted with permission from [60].

3.1.1.5 COVALENT CROSSLINKERS

A bio-conjugate covalent crosslinker needs to be tailored to the pro-
tein under investigation. My model protein, Hsp90, has been ge-
netically mutated with two cysteine residues. Previous FRET experi-

ments have used these two cysteines with their thiol functionality for coupling
to two fluorescent dyes. [3] These dyes contained a maleimide that reacts with a
thiol in an addition reaction. Having the two thiols as unique attachment points
for the two nanospheres, it was necessary to obtain nanospheres containing a
maleimide function on their outer end. A direct coating of maleimide linkers
to nanospheres is not possible, because the maleimide would react with thi-
ols used to coat the nanosphere. Thus, a two step process is difficult to avoid.
An example of a bio-conjugate covalent crosslinkers reacting to thiols is SMCC
(Succinimidyl- 4- (N- maleimido methyl) cyclohexane-1- carboxylate), that is
able to bridge an amine with a thiol-functionality. Since SMCC is not soluble
in water, it needs to be dissolved in an organic solvent like DMSO beforehand
and then added to the aqueous protein solution. For proteins not tolerating or-
ganic solvents, there is a water-soluble analogue of SMCC, namely sulfo-SMCC.
However, sulfo-SMCC is negatively charged leading to possible unwanted in-
teractions with proteins. My predecessor used sulfo-SMCC. [53] I chose to as-
semble plasmon rulers with SMCC because our protein tolerates a small content
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of DMSO (< 5 vol%) and I hypothesize that the uncharged linker reduces un-
specific binding of the protein.

Figure 3.6: Strategy for Hsp90 plasmon ruler with PEG. Gold nanospheres are
functionalized with thiolated polyethylene glycol containing an amine on the
outer end (5 nm, in violet). The thiols in the cysteines of Hsp90 are reacted with
SMCC (consisting of a maleimide and a NHS-group). The NHS-group will then
bind to the amine of the PEG and form the dimer. Hsp90 sketch adapted with
permission from [60].

Specifically, I coated the nanospheres obtaining an amine at their outer end
to which the carboxylic acid active ester in SMCC can bind (confer to Section 6
and Figure 3.6). SMCC holds another functionality, a maleimide group, thus,
the nanoparticle’s most exterior function is then a maleimide readily available
for one thiol in Hsp90. Repeating this process with the second Hsp90 thiol, a
plasmon ruler linked with a protein is formed for investigation. In general, this
strategy requires the genetic mutation of two cysteines at opposite ends of the
protein. I recommend using proteins, like Hsp90, that do not contain natural
cysteines omitting side-reactions.

In summary, the linking strategy for proteins is highly dependent on the
available mutants and their specific attachment points and their unspecific bind-
ing to the linker material, for example DNA. Mutants include cysteines requir-
ing maleimide-thiol-chemistry or unnatural amino acid that are specifically de-
signed for the use with click chemistry.
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3.1.2 SALT CONCENTRATION CAN AFFECT PLASMON RULER FUNCTION-
ALITY

A fter having chosen the linking strategy, covalent crosslinkers, I also
need to ensure the functionality of the plasmon rulers. In order to
avoid irreversible particle aggregation, the two main forces, electro-

static repulsion and van-der-Waals attraction, need to be balanced creating a
potential barrier (confer to DLVO-theory presented in Section 1.3). In a higher
salt environment, the forces resulting from electrostatic repulsion are decreased
without changing the attractive van-der-Waals forces resulting in a decrease of
the potential barrier. If the potential barrier is too low (about 1 kBT), particle ag-
gregation occurs leading to a non-fluctuating plasmon ruler. In order to investi-
gate the effect of salt concentration, I show the percentage of fluctuating dimers
varying the salt concentration of the measurement solution in Figure 3.7.

Figure 3.7: Optimization of salt concentration during dimer measurement.
Percent of fluctuating dimers in violet. In lower salt concentration unspecific
attachment of particles is hindered, but protein denaturalization is more likely
compared to higher salt concentrations. I observe the optimum salt concentra-
tion to be 50 mM KCl.

Concerning the plasmon ruler technique, I expect a higher amount of fluc-
tuating dimers with lower salt concentration. In higher salt environments, the
attractive forces between the two particles of the dimer are increased leading
to potential particle aggregation resulting in an non-fluctuating plasmon ruler.
For proteins, I expect the opposite trend: The protein should be more stable in
higher salt concentrations. Hence, the amount of non-functional protein should
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decrease with higher salt concentrations and the percentage of fluctuating plas-
mon rulers increase. From the three different salt environments tested with
Hsp90, I indeed observe the medium salt concentration 50 mM KCl as the con-
dition with the highest percentage of fluctuating plasmon ruler (see Figure 3.7).

Although I observed a maximum percentage of fluctuating plasmon rulers
of about 10 % in the experiment shown in Figure 3.7, this result was not repro-
ducible. Repeating the experiment with 50 mM KCl resulted in a variation of
fluctuating dimers from 1 % to 18 % with a mean value of 8 % (for seven experi-
ments, see Figure 3.8).

Figure 3.8: Experimental variation of the amount of dimers and fluctuating
dimers. a) Bar diagram of the number of formed plasmon rulers for seven
different experiments with the number of fluctuating dimers shown in violet.
b) Fraction of the fluctuating dimers compared to the formed dimers in percent
for each experiment with mean and standard error of the mean.
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3.2 MULTIPLE LINKAGES MUST BE AVOIDED

P lasmon rulers are supposed to investigate single molecules. However,
plasmonic nanoparticles can potentially have more than one attach-
ment site, since multiple ligands fit on the nanoparticle surface leading

to unwanted multiply linked dimers. Preparing monovalent particles would
overcome this problem enabling a controlled assembly in the next step.

Similar to nanoparticles, multiple molecules fit on the probe of other single-
molecule techniques (confer to Section 1.1.2), like optical tweezers and atomic
force microscopy (AFM). [10] One possibility for single molecule AFM is the
unspecific adsorption of proteins to the surface of the flow chamber and the
AFM-tip picks up the single molecule while pushing against the surface. Mov-
ing the tip away from the surface and monitoring the unfolding curve reveals,
if indeed only a single molecule has been linked between surface and tip. To in-
crease the chance of single molecule linkage, the proteins are immobilized in a
low concentration on the surface. However, only 1 % of the trials lead to a single
molecule linkage. [66] The application of force to link molecules is not adapt-
able to plasmon ruler assembly, a force-free technique. Another possibility is the
modification with specific recognition elements, like streptavidin-biotin (confer
to Section 3.1.1.4), where a fraction of the binding sites is blocked before attach-
ment to ensure single linkage. [55] This concept could, in principle, be adapted
to plasmon rulers: first the nanoparticles should be coated with streptavidin,
then a fraction of streptavidin could be blocked with free biotin and the un-
blocked streptavidin could bind to a biotinylated second nanosphere. Another
approach is the formation of mixed self-assembled monolayer (SAM) on a gold
tip containing shorter nonreactive ligands and reactive ligands. The distribu-
tion of the reactive ligand is adjusted to yield predominantly single molecules,
here 26 % of the measured curves. [67] A mixed SAM can be assembled on
a nanoparticle surface as well as on the AFM-tip and I will use this approach
throughout my thesis. Optical tweezers mainly rely on the biological tags (con-
fer to Section 3.1.1.4) as attachment points on the two beads forming the tweez-
ers and single molecule linkage is ensured by a low concentration of the linker.
[10] First one bead is modified with the linker and then the second bead is ap-
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proaching the first bead with the help of an optical trap while a solution is flown
through the chamber to stretch the linker. [68] In plasmon ruler assembly, the
second nanoparticle can not be moved towards the first one, but we have to rely
on diffusion. When flow would be used to stretch the linker, the nanoparticles
would be washed out of the flow chamber because they are not trapped.

From the concepts presented above, I chose the mixed SAM formation on
the nanoparticles forming plasmon rulers. The complete ligand shell around a
nanoparticle can consist of multiple ligands of different kinds, e.g. a mixture of
an ’active’ ligand that is reactive and can be coupled to another particle and a
’passive’ ligand that is nonreactive and will not take part in any coupling reac-
tion. Only if there is just one single active ligand within the whole nanoparticle
ligand shell, the nanoparticle is considered monovalent. This can be achieved
by functionalizing the nanoparticle with excess of passive ligand compared to
the active ligand

The proportions of the functionalization mixture might differ from the ac-
tually assembled functionalization layer on the nanoparticle surface, because of
different reaction rates of the individual ligands. For example, alkane thiols will
assemble more quickly than PEG thiols and also remove PEG thiols. [69, 70] To
minimize different reaction rates, I use similar ligands with just a variation of
the outward functional group, for example methoxy PEG as passive ligand and
biotin PEG as active ligand.

In this chapter, I will first elaborate on the theoretical distribution of valen-
cies in a nanoparticle dispersion depending on the functionalization ratio ac-
cording to Poisson statistics. In the next subsection, I will present techniques to
separate monovalent nanoparticles from a dispersion containing nanoparticles
with multiple valencies, like gel electrophoresis, HPLC and pull-down assay.
Within this work, I will not employ these techniques because I was not able to
expand them to nanoparticle sizes needed for plasmon rulers.
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3.2.1 POISSON STATISTICS DESCRIBES VALENCY DISTRIBUTION

I n the functionalization procedure, one can add a certain ratio of linkers to
particles, I call the functionalization ratio λ. However, the nanoparticles
in the resulting dispersion will only contain on average the number of

linkers given by the functionalization ratio λ while each individual nanoparticle
in the dispersion contains a discrete number of linkers k. The probability to find
a discrete number of linkers per particle k depending on the functionalization
ratio λ follows a Poisson distribution P. The probability P (k) to obtain the
number of linkers k for varying functionalization ratio λ is shown in Figure 3.9.

P =
λke−λ

k!
(3.1)

Figure 3.9: Poisson distribution of valencies in nanoparticles. The Poisson dis-
tribution P against the functionalization ratio λ for the chosen number of linkers
per particle k = 1, 2 and 3 is shown in violet, green and blue, respectively.

For functionalization of nanospheres, a number of linkers per particle of
k = 1 (monovalent) is the optimum to ensure single linkage. However, in a
functionalization procedure aiming for k = 1, the highest probability to actu-
ally obtain monovalent nanoparticles is only about 37 % (for λ = 1). Increasing
the functionalization ratio to λ = 1.5, the probability to obtain exactly a sin-
gle linker on the nanoparticle (k = 1) decreases to 33 % (from 37 % for λ = 1).
Thus, it it impossible to purely obtain monovalent nanoparticles, but a mixture
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of valencies will be created.
In this work, the functionalization ratio λ was mostly greater than one (λ >

1) because I perform the assembly on a surface where half of the nanosphere
is blocked (confer to Section 3.3.2). For plasmon rulers connected by polyethy-
lene glycol (PEG) the functionalization ratio was adjust to λ = 6 (confer to
Section 5). Although P (k = 1) for λ = 6 is only 0.01 %, I do not observe mul-
tiple linker formation (see Appendix Figure 8.5). I hypothesize that the multi-
ple functional groups the nanoparticle contains are spatially distributed result-
ing in a lack of multiple linker formation (see sketch in Appendix Figure 8.3).
Lowering the functionalization ratio by a factor of 10 to λ = 0.6 with a prob-
ability P (k = 1) of 33 %, only plasmon rulers with single linkage are formed
(as expected) whereas the dimerization efficiency decreased only by a factor
of 3 (see Appendix Figure 8.6). This lower dimerization efficiency with lower
λ is caused by a higher probability of non-functional particles (P (k = 0) for
λ = 0.6 is 55 %) that are unable to assemble into dimers. 55 % of the immobi-
lized monomers should not assemble and stay monomers where 33 % should
form dimers, 10 % trimers and 2 % tetramers. However, I observe only 6 % of
dimers and no trimers and tetramers. I hypothesize steric reasons (e.g. con-
tribution from the substrate surface) and/or lack of incubation time (see Sec-
tion 3.3.2) for this lower than expected dimerization efficiency.

For the plasmon rulers linked by Hsp90, I use a functionalization ratio of
λ = 3.6 (where P (k = 1) is 10 %). Since the PEG plasmon rulers can serve as a
model system because of similar functionalization procedure, I hypothesize that
this functionalization ratio (λ = 3.6) would ensure single linkage. However,
only few of the Hsp90 plasmon rulers fluctuate (up to 10 %) although all PEG
plasmon rulers with similar λ fluctuate according to a single molecule. From
the difference, I conclude the lack of fluctuating Hsp90 plasmon rulers must be
caused by other reasons despite multiple linker formation, for example protein
denaturation.
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3.2.2 SOME TECHNIQUES CAN ISOLATE MONOVALENT NANOPARTICLES

F unctionalizing nanoparticles to directly obtain purely monovalent nano-
particles is impossible (confer to Section 3.2.1). A distribution of differ-
ent valencies will be created in a functionalization procedure.

However, monovalent nanoparticles can be isolated from polyvalent or non-
valent ones by the following appropriate techniques:

• Gel electrophoresis

• HPLC (high performance liquid chromatography)

• Pull-down-assays

Gel electrophoresis is a technique able to separate nanoparticles depending on
their size and charge. [71] The charge separation is based on the movement of
charged particles in the gel according to the applied electric field, whereas a
sieving mechanism is responsible for the size sorting moving the smaller parti-
cles faster than the larger ones. Thus, the combination of size and charge affects
the electrophoretic mobility of particles.

In consideration of the rising distance sensitivity with increasing nanosphere
diameter (confer to Section 2), for many applications at least 40 nm particles
are desirable. However, the larger a nanoparticle gets, the lower the chance
that a single functionality outweighs the electrophoretic mobility. Presently, this
technique is limited to particle sizes in the range of 20 nm. [72]

The separation of a mix of monovalent and polyvalant nanospheres with the
help of gel electrophoresis is shown in Figure 3.10A. [72] The visual impression
suggests that the bands in the gel corresponding to the different nanoparticle
fractions are well separated, but an analysis with extinction spectroscopy of the
gel piece reveals that the bands overlap, especially the mono-functional and the
dual-functional fraction. This separation is insufficient and will likely require
an additional purification step after dimer formation. Thus, in this work, this
technique was not considered.
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Figure 3.10: Isolation of monovalent nanospheres by gel electrophoresis and
HPLC. a) Separation of a mix of mono- and polyvalent nanospheres by gel elec-
trophoresis. Although the different bands are visually well-separated (top), the
extinction spectroscopy (bottom) reveals overlapping bands. b) With the help of
HPLC the same mix of nanoparticles can be separated with a clear sharp peak
(starting and finishing at the baseline) for the monovalent fraction of nanopar-
ticles. Figure reprinted with permission from [72].

In high performance liquid chromatography (HPLC) the nanoparticles are
first bound to a column and then eluted fraction-wise. The fraction of nanopar-
ticles with the least affinity to the column will be eluted first, next the fraction
with the second highest affinity will be washed off the column and so on. In
Figure 3.10B, I show an exemplary chromatogram illustrating the elution order
dependent on time of the different fractions of nanoparticles. First a fraction
containing nanoparticles functionalized solely with inactive ligands is eluted,
next appears the fraction with monofunctional, then bifunctional and last tri-
functional nanoparticles. In contrast to gel electrophoresis, the mono-functional
nanoparticle fraction is well-separated from the other fractions, shown by the
baseline resolution of the peak. [72] Isolation of monovalent nanospheres by
HPLC has been shown for nanoparticles of diameter up to 30 nm for longer
DNA-strands (70 base pairs). [28]

A method without the need for advanced instrumentation is the so-called
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pull-down assay. Here, large polymeric micro-spheres are coated with a layer
that has a high affinity to the active ligand of the nanoparticle. The crucial
step is to lower the ratio of active to inactive ligand so far, that only monofunc-
tional and non-functional nanoparticles are created. The monovalent nanopar-
ticles will then attach to the microsphere, whereas the non-functional will stay
in solution (see Figure 3.11A). Since the microspheres are much heavier than
the nanoparticles, the microspheres will sediment over time and can be easily
(without the need of centrifugation) separated from the nanoparticle dispersion.

This particular assay has been performed in the literature for nanoparti-
cles of a diameter of 5 nm (see Figure 3.11B). [73] The fraction of pulled-down
nanoparticles is plotted against the ratio of active to inactive ligand. If 100 %
of the nanoparticles are pulled down, these nanoparticles are not monovalent,
but a population of many valencies was created with this functionalization ra-
tio. The most suitable functionalization ratio is chosen, when about 20 % of
the nanoparticles are pulled down because then the population of bi-functional
nanoparticles is negligible.

I tried to expand this idea to bigger nanoparticles suitable for dark-field mi-
croscopy. In Figure 3.11C, I show photographs of particles functionalized with
an increasing ratio of active to inactive ligands with diameters of 10 nm, 15 nm
and 40 nm, respectively. Despite of the successful functionalization and pull-
down assay for the 10 nm and the 15 nm particles, I observed irreversible aggre-
gation of the 40 nm nanoparticles.

All in all, pull-down assays are fast and easy to conduct without the need
for advanced instrumentation, but in order to continue with these kind of as-
says, an optimization of the functionalization would be necessary. While the
pull-down assay presented here relies on sedimentation, another very common
pull-down assay is based on magnetic separation. Here, one would bind the
monovalent nanoparticles to a magnetic bead, that can be separated by the dis-
persion of non-functional nanoparticles by applying an external magnetic field
(e.g. with a magnetic stir bar). [25]
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Figure 3.11: Isolation of monovalent nanospheres by pull-down assay.
a) Functionalized gold nanoparticles are incubated with polymeric microbeads
with an anchor point for the nanoparticles functionalization. Only the nanopar-
ticles containing the functionality (top) will be pulled down by the microsphere
and the inactive nanoparticles (bottom) will stay in solution b) Gold nanoparti-
cles (diameter of 5 nm) functionalized with increasing ratios of active to inactive
ligands resulting in a higher percentage of functionalized nanoparticles pulled-
down by the beads. Figure reprinted with permission from [73]. c) Repetition of
the experiment presented in b) for nanoparticle with diameters of 10 nm (left),
15 nm (middle) and 40 nm (right). 40 nm particles are not stable for smaller
ratios.

Techniques for isolating monovalent nanoparticles from a mixture of par-
ticles include gel electrophoresis, HPLC and pull-down assays. Here, I tested
gel electrophoresis and pull-down assays. I was not able to extend these strate-
gies to bigger nanoparticles that are necessary for the plasmon ruler sensitivity.
From literature, it is suggested that also HPLC is not suitable to separate big-
ger nanoparticles. [72, 28] In this work, I therefore omit the purification before
assembly. Thus, the nanoparticles contain to some extend multiple functionali-
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ties, but I rely on the statistic distribution meaning the individual active ligands
are so far away from each other to not form multiple linkages. I use on sur-
face assembly (see Section 3.3.2) where one could say that only nanoparticles
containing a functional group will react and be pulled down to the surface.

3.3 ASSEMBLY PROCESS IS TIME-CRITICAL

T he assembly process by itself should be fast and efficient. The efficiency
is limited by Poisson statistics to a maximum of 27 % (see Figure 3.9,
λ = 2, k = 2, P = 27 %). Regarding the time, there are two main assem-

bly strategies. Either the two types of nanoparticles are assembled in solution
and the byproducts are separated from the dimers before the immobilization in
the flow cell for the investigation with dark-field microscopy. Or the first par-
ticle type is immobilized directly in the flow cell and the second type is then
coupled to the first type in a second step.

3.3.1 BATCH ASSEMBLY

T he assembly in solution has the big advantage of producing plasmon
rulers in an amount lasting for several experiments. One can prepare
a stock of dimers at once, store them and later immobilize an aliquot

of the dimers in a flow cell. To create a stock of dimers, one has to get rid of the
reaction by-products.

For the separation of dimers assembled in solution from higher-order aggre-
gates or monomers, the following two main separation techniques are common:

• Gel electrophoresis

• Density gradient centrifugation

The fundamental principle of gel electrophoresis is explained in the previous
section. After coupling the two nanoparticle batches in stoichiometric ratio, the
dispersion containing monomers, dimers, trimers and higher-order aggregates
is separated with gel electrophoresis according to their size. This means, the
gel band moving the fastest consists of the monomers and the second band is
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the dimer band that is then cut out of the gel. By applying an electric field
to this piece of gel the dimers will be dragged out of the gel and a dispersion
containing only dimers is created.

This separation method is widely used for plasmon rulers linked by DNA.
[6, 28] I also used the method for assembling DNA based plasmon ruler con-
taining a hairpin, that could be expanded by a complementary strand (see Fig-
ure 3.12 and Section 4). The photograph of the gel after the electrophoresis
was performed shows, that indeed it is possible to separate the dimer band
from unreacted lef-over monomers (confer to lane 4 of the gel). Further the
expanded dimers (first band in lane 3) increase in size compared to the unex-
panded dimers resulting in a decreased electrophoretic mobility.

Figure 3.12: Isolation of dimers with gel electrophoresis. The first lane shows
the electrophoretic mobility of monomers. The second lane is a reference lane
filled with vitamin B12. In the third lane two bands are visible: One fraction
was not moved within the gel under the conditions used and corresponds to
expanded dimers, the other band shows the same electrophoretic mobility as
the monomers (lane 1) and consists of unreacted monomers that did not form
dimers. The fourth lane also shows two fractions: again one monomer band
and an additional band corresponding to unexpanded dimers.

Gel electrophoresis purification works best for DNA plasmon rulers. For
polymers and proteins it it not suitable. In case of polymer plasmon rulers, the
functionalization layer is less charged and, thus, the mobility in the gel is de-
creases leading to insufficient separation of the bands in the gel (see Figure 3.1).
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Proteins are too sensitive for an extraction out of the gels and they are likely not
functional anymore.

Another separation technique is density gradient centrifugation that sepa-
rates particles according to their size and density. The density gradient in a
centrifugation tube is created by stacking sugar solutions of different concen-
trations above one another (highest density at the bottom). After the analyte is
loaded on top of the gradient, centrifugal force is applied. Bigger and denser
particles sediment faster than smaller ones.

The method has been applied to silica-encapsulated particles (confer to Fig-
ure 3.13A). [74] The highest fraction corresponds to the monomers, the middle
fraction to dimers and the last fraction to trimers. The desired fraction can be
easily removed with a pipet.

I transferred the same procedure to our bridged dimers and could observe
the same trend (see Figure 3.13B). For proteins, this method might not be suit-
able, if they do not tolerate high concentrations of sugars.

Figure 3.13: Isolation of dimers with density gradient centrifugation. a) Den-
sity gradient centrifugation performed on silica-encapsulated nanospheres re-
sulting in different fractions: monomers, dimers and trimers (from top to bot-
tom). Figure adapted with permission from [74]. b) Density gradient centrifuga-
tion performed on a mix of monomers and dimers linked by a single molecule.

In summary, both methods for isolating dimers out of a mixture of monomers,
dimers and trimers, namely, agarose gel electrophoresis and density gradient
centrifugation are feasible. Even if monovalent nanoparticles are isolated by
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pre-dimerization and coupled to dimers, it is still possible that the yield of re-
action is not complete and, thus, a post-dimerization purification might be nec-
essary on top. [28]

3.3.2 ON SURFACE ASSEMBLY

D espite the preparation and purification of many dimers in parallel
(batch approach), it is also possible to assemble a pair of nanospheres
sequentially. First one kind of nanoparticles is immobilized on the

glass surface of a flow-cell directly in the microscope (see Figure 3.14). Next
the second kind of nanoparticles is coupled to the immobilized nanoparticles
sandwiching a molecule examinable by the plasmon ruler. The advantage lies
in the direct usability of the plasmon ruler for the measurement. Thus, avoiding
long storage time for sensitive proteins.

Figure 3.14: Sequential assembly of dimers on a glass surface. Sketch of a
single nanoparticle immobilized on a microscope glass surface (top left) that is
coupled to a second nanoparticle linked by a single molecule forming a dimer
(top right). The corresponding real color dark-field images are shown on the
bottom (single nanoparticles appear green and dimers yellow).

This assembly technique has been applied to prepare the first demonstrated
plasmon ruler. [4] The use of a flow cell enables an effective rinsing of the
nanoparticles. Further the observation of the dimer formation in the dark-field
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microscope is directly possible because one observes a dramatic change in inten-
sity and color from green for single particles to yellow for dimers (confer to Fig-
ure 3.14). The amount of nanoparticles needed is less than for batch assembly
because isolating dimers according to the methods presented in Section 3.3.1
leads to loss of material. Specifically, the protein concentration is a limiting fac-
tor. I chose the on surface assembly in this work because it offers more control
of the assembly and the plasmon rulers are directly ready to measure.

Considering efficient coupling, I need to take into account the very low sur-
face concentration of the first immobilized particle set and the diffusion limited
reaction rate. The first particle set is distributed on the glass surface to yield ap-
proximately one particle on an area of 108 nm2. The concentration c of the sec-
ond set of nanoparticles is typically around 1010 particles/mL or 0.01 nM and
the diffusion coefficient D of the second set of nanoparticles is 6 · 10−12 m2s−1. I
assume that a diffusing nanoparticle has to approach an immobilized nanopar-
ticle within a distance of 0.1 nm for a reaction (reaction shell). Using the theory
developed for FCS (fluorescence correlation spectroscopy), [75] I can calculate
the average time τD a nanoparticle spends in a reaction shell with a radius r0

according to:

τD =
r2

0
4 · D (3.2)

The radius of the reaction shell r0 should be in the range of a typical cova-
lent bond because, I assume, if two reactive groups encounter within the dis-
tance of a covalent bond, they should react. The radius for a typical covalent
bond is 0.1 nm and therefore, I estimate the radius of the reaction shell r0 to be
accordingly 0.1 nm. [76] The movement of the reaction shell does not play a
role in the calculation of the reaction time. The real size of the reaction shell
might be bigger, but I do not account for other factors that might slow down the
reaction, such as orientation of the reaction partners or reaction barrier. The lat-
eral movement of 1 nm/h of thiols on a gold surface is negligible, [77] whereas
the diffusion coefficient for a PEG molecule fixed with one end to a surface
(10−12 m2s−1) is smaller compared to the diffusion coefficient of the nanosphere
(6 · 10−12 m2s−1). For the estimation of the diffusion time t, I only consider the
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biggest diffusion coefficient, the diffusion coefficient of the sphere, because the
biggest diffusion coefficient is dominating in the diffusion process.

In this case, the time spent in the reaction shell is 4 · 10−10 s or 400 ps. Since
the time it takes for forming a covalent bond is in the femtosecond range, [78]
the time the diffusing nanosphere spends in the reaction shell is sufficient for
the performance of the reaction. I define the reaction time t as the time it takes
on average for a reacting particle to diffuse to the reaction shell with radius r0

that is dependent on particle concentration c and given by:

t =
τD

4
3 π · c · r3

0
=

1
16
3 π · c · D · r0

(3.3)

Here, a single individual nanoparticle encounters the reaction shell every
28 min which is the reaction time t it takes for dimer assembly on average. In
summary, the reaction time t depends on the temperature T, the concentration
of the second nanoparticles c and the size of the nanoparticles with radius r. The
temperature is not regarded as an important parameter because an increase in
temperature from room temperature (20 °C) to 40 °C only accelerates the reac-
tion speed by a factor of 2. Within the temperature range acceptable for proteins
(0− 40 °C), the reaction time t varies between 15 min for the highest temperature
and 43 min for the lowest temperature. The particle concentration c is the most
accessible parameter as shown in Figure 3.15A. Increasing the particle concen-
tration c from 0.01 nM to 0.1 nM quickens the reaction by a factor of 10. The size
of the nanospheres has also a small contribution to the reaction time t (linear re-
lationship as shown in Figure 3.15A). The bigger the radius of the nanospheres
r, the slower their diffusion coefficient D and, thus, also the reaction time t. The
particle size is more or less fixed in the range of 20 − 30 nm in radius r due to
signal to noise and plasmon ruler sensitivity with not significant effect on the
reaction time t (±8 min).

All in all, the particle concentration c is the parameter that could, in prin-
ciple, be easily adjusted. When assembling particles on a surface, the parti-
cles have two possible reaction partners, the immobilized particles on the sur-
face and the free glass surface. The reaction to the immobilized particles is
desired and the binding to the free glass surface must be avoided because a
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completely covered glass surface would make measurements impossible. For
single particle darkfield spectroscopy, the individual nanoparticles need to be
distributed approximately 10 µm. However, the reaction rate to the glass surface
depends also on concentration (see possibilities for glass surface passivation in
Section 3.4). Therefore, the particle concentration can not be increased indefi-
nitely. Although the trends shown here, reaction time t decreases with particle
concentration c and increases with particle radius r hold true, the determination
of the exact reaction time t is only estimated and might not be reliable because
the reaction time t is highly dependent on the unknown radius of the reaction
shell r0.

Figure 3.15: Binding time for diffusing nanospheres. a) The diffusing time for
a sphere of radius r = 35 nm to a reaction shell with a radius of r0 = 0.1 nm at
room temperature (20 °C) for varying nanoparticle concentration. b) The diffus-
ing time for spheres with a concentration of c = 0.01 nM to a reaction shell with
a radius of r0 = 0.1 nm at room temperature (20 °C) for varying nanoparticle
radius.

Table 3.3 summarizes the advantages and disadvantages of the two ap-
proaches, batch assembly and surface assembly. In this work, I decided to
assemble the dimers on a surface because there are more advantages for this
strategy.
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Table 3.3: Advantages and disadvantages of assembly strategies.

Advantages Disadvantages

in batch higher yield purification more difficult

on surface

less by-products glass passivation more difficult

less amount of sample needed

dimers are directly ready to use

3.4 GLASS SURFACE PASSIVATION IS CRITICAL

F or assembling dimers that can function as plasmon rulers, both methods
of dimer preparation need to ensure that the second set of nanoparticles
should attach only to the first set of nanoparticles, but not to the glass

surface. Hence, the nanoparticle stays mobile in solution and its position is con-
trolled by the molecule bridging the plasmon ruler. If both particles stick to the
glass surface, the attractive forces between glass and particles are bigger than
the molecular motion rendering the plasmon ruler nonfunctional. However, the
assembly on a surface requires a higher quality of the glass passivation because
the particles are present in a higher concentration and for a longer amount of
time.

Instead of using glass as a substrate, it would also be possible to detect plas-
mon rulers in reflection mode immobilized on not transparent substrates. The
transmission mode gives higher light intensities per time unit increasing signal
to noise ratio and enabling a higher time resolution. Hence, I use transmission
mode in this work and a transparent substrate with passivation is necessary.

Another reason to avoid binding of further nanoparticles to the microscope
slide while assembling dimers in a flow-cell is the possibility of crowding the
whole surface, thus, causing single-particle dark-field spectroscopy unfeasi-
ble (this technique needs to resolve spectroscopically single particles or here
dimers).
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I call a glass surface hindering binding of nanoparticles a passivated glass.
Techniques for passivation of glass surfaces either block the glass surface around
the first set of particles after their immobilization or passivate the whole glass
surface before any particles are introduced in the flow-cell adding anchor points
to which only the first set of nanoparticles can bind (not the second set).

The unspecific blocking of glass can be achieved by surfactants and proteins.
[79] Common proteins used include bovine serum albumine (BSA) and milk
proteins, such as casein. I use this approach in this work for studying polymer
dynamics (confer to Section 5) because these protein blocking agents passivate
glass fast (within 5 min and without high need of expertise and labor effort
since only a solution of protein in a buffer needs to be prepared). Although this
approach is suitable for studying DNA and polymers, it is not for investigating
proteins because proteins tend to bind to other proteins.

PEGylated glass slides commonly used in other single-molecule studies of
proteins are also suitable for the passivation of plasmon ruler for proteins, even
offering anchor groups for the specific attachment of the first set of particles (see
Figure 3.16). [80] The glass is coated with silan-PEG creating a self-assembled
monolayer of PEG chains hindering proteins to attach. The preparation requires
special glass handling equipment, training and is laborious, thus, it only makes
sense to use this passivation approach, if necessary for the specific plasmon
ruler experiment.

I evaluate the passivation quality of the glass surface by incubating nano-
spheres to a glass surface in a flow-cell of the dark-field microscope. After
washing off the excess of particles, I take real-color images and count the par-
ticles that have been bound. The worst quality is attributed when all particles
from the solution have been captured by the glass and the best quality is when
no additional particle have bound. An example of such an extraordinary quality
slide is shown in Figure 3.16. Here no extra particles were immobilized even af-
ter 24 h. With this quality of slides, I was able to study protein dynamics (confer
to Section 6).
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Figure 3.16: Evaluation of passivated glass with PEG. Real color picture of the
green single nanospheres immobilized to a pegylated glass surface in a flow-cell
(left). Additional nanoparticles are introduced to the flow-cell and incubated
for 24 h (middle picture). After washing the flow-cell, it appears that no addi-
tional nanospheres have bound to the glass surface proofing the stability of the
passivation for 24 h.

In order to compare the PEG coated glass slide to the previously used BSA
passivation, I counted the number of immobilized nanoparticles. Therefore, a
nanoparticle dispersion with a concentration of 0.01 nM was incubated in the
flow cell for 30 min. The flow cell consisted of plain glass as a reference or
glass coated with BSA according to [53] or glass coated with PEG according to
[80]. After washing of the excess of nanoparticles, the immobilized nanopar-
ticles were counted. I define a binding coefficient as number of immobilized
nanoparticles on the passivated glass divided by the number of nanoparticles
immobilized on plain glass. In Figure 3.17, I show the binding coefficient for
BSA and PEG coated glass. The mean binding coefficient for BSA is 4.6 % and
for PEG 0.2 %. This improvement by a factor of 20 for PEG compared to the
BSA passivation implies a decreased affinity of the nanospheres to the passiva-
tion. Hence, it is possible to increase the concentration of second nanospheres
in the solution for the assembly step on the surface. This possible increase in
concentration could lead to a faster assembly (see Section 3.3.2). In this re-
spect, we should consider the rate of dimer formation compared to the rate of
binding to glass surface. The rate of dimer formation is 1

28 min , as discussed in
(Section 3.3.2. The rate of particle binding to passivation rpass is calculated tak-
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ing into account a concentration c of 1010 particles/mL in the flow cell, a volume
V above a single immobilized particle in the flow cell of 10−8 mL (10 µm X 10 µm
X 100 µm), the above mentioned binding coefficients BC and the incubation time
t of 30 min with the following formula:

rpass =
c ·V · BC

t
(3.4)

The rate of binding to the glass surface is 1
150 min for PEG passivation and

1
7 min for BSA passivation. By the time one dimer assembles (28 min), one par-
ticle has been immobilized on a PEG passivated surface on an area where five
nanoparticles of the first set of nanoparticles sit compared to 20 particles bound
to BSA passivated surface. This decrease of unspecific immobilization of nano-
particles on PEG compared to BSA passivation enables a longer incubation time
before the surface is blocked in such a way that measuring becomes impossible.

Further, the reproducibility of PEG passivation is also better compared to
BSA: binding coefficients for BSA vary between 1.6 − 6.7 % and for PEG 0 −
0.5% (see Figure 3.17). Hence, I employ the PEG passivation for the investiga-
tion of protein dynamics.

In my opinion, glass slide passivation is crucial for the assembly of dimers
on a substrate because it hinders the attachment of nanoparticles to the sub-
strate. Crowding of the surface with nanoparticles would render plasmon ruler
spectroscopy difficult because the plasmon rulers need to be spread on the sub-
strate above the diffraction limit. Avoiding the surface would eliminate the
problem of passivation. In order to investigate the plasmon rulers, they could
be hold in place by an optical trap. [81] In optical trapping of plasmon rulers,
heating and photo-damage of sensitive samples need to be considered.

68



3 PLASMON RULER ASSEMBLY IS A KEY CHALLENGE FOR PLASMON RULERS OF PROTEINS

Figure 3.17: Comparison of passivation strategies, BSA and PEG. Binding co-
efficient (number of particles bound to passivated glass compared to plain glass
as a reference) after incubation of 30 min to BSA coated glass and PEG coated
glass. Each cross represents an individual flow cell with mean and standard
error of the mean.

3.5 CONCLUSION

I n this chapter, I addressed the major constraints or challenges faced in
plasmon ruler assembly. The first constraint is that the assembly condi-
tions must be protein-friendly. For the model protein of this work, Hsp90,

this means pH = 6.7− 7.4, ϑ < 37 °C, content of organic solvent ϕ < 5 vol%
and salt concentrations of c (KCl) = 20− 150 mM and c (MgCl2 = 20 mM).

My improvements were to decrease the pH from 7.4 to 6.7 and using SMCC
instead of sulfo-SMCC which requires the addition of a small amount of organic
solvent (ϕ = 5 vol%) to increase the coupling efficiency from 3 % to 20 %. This
small amount of solvent is not harmful for the protein as shown by FRET where
the fluorescent dyes are also dissolved in organic solvent. [3] The organic sol-
vent will be rinsed off before the measurement of the protein fluctuations, so
that it should not influence the dynamics. Further I decreased the salt concen-
tration from c (KCl) = 150 mM to 50 mM to yield decrease the attractive forces
between the two nanoparticles forming the dimer.
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Figure 3.18: Comparison of assembly strategies for plasmon rulers for Hsp90.
a) Assembly strategy for Hsp90 plasmon ruler previously developed. [53]
Hsp90 was coupled to nanoparticles in solution before the unspecific immo-
bilization of the particles in the defects of BSA (shown in green) coated glass.
After the reduction of the thiol in Hsp90, the second nanoparticle set was at-
tached. b) Assembly strategy developed in this work. The first particle set is
immobilized specifically with the help of anchor groups (streptavidin, shown
in blue). Hsp90 is coupled to the nanoparticle in the flow cell and the second
particle set attached afterwards.

The second challenge named here is the assurance of single-linked dimers.
The nanoparticles are functionalized with a mixture of ligands. These ligands
are chemically similar except their outward functional group to yield similar
reaction kinetics. I adjusted the ratio of functional ligand to λ = 3.6 because
I use the on surface assembly making half of the nanoparticle not accessible
(similar to previous work). [53]

In Figure 3.19, I show the Poisson distribution for the functionalization ratio
λ = 3.6 on plasmon rulers. Only 3 % of the immobilized nanoparticles contain
no protein and should therefore not form a dimer and stay a monomer. Exper-
iments do not reach this optimal case of 3 %, but additional problems limit it to
about 80 %, probably lack of reaction time and steric hindrance by the surface.
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Since the proteins are randomly distributed on the nanoparticle, some proteins
on the nanoparticles face to the glass camouflaging as nonreactive nanoparti-
cles not forming dimers. Steric hindrance is also caused by the curvature of
the nanospheres hindering multiple tether formation as shown by the sketch of
dimers drawn to scale in Figure 3.19. Since multiple tether formation does not
occur in PEG-dimers with a similar functionalization ratio, I hypothesize that
multiple tethers are very rare in Hsp90-dimers.

Figure 3.19: Theoretical estimation of the distribution of the expected number
of attached protein per plasmon ruler according to Poisson statistics. Sketch
drawn to scale of plasmon rulers functionalized with Hsp90 (violet) assuming
a functionalization ratio of protein to plasmon ruler of λ = 3.6. The percent-
ages given for each plasmon ruler correspond to the expected occurrence in the
distribution (according to Poisson statistics, confer to Section 3.2).

Performing the assembly process fast and efficiently is the third challenge.
The assembly route can either be carried out in solution or on a surface. As-
sembling dimers in solution allows the simultaneous preparation of plasmon
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rulers for many measurements, but purification of dimers from monomers and
higher-order assemblies is necessary. It is unclear if a protein stays intact dur-
ing purification schemes like gel electrophoresis or density gradient centrifu-
gation. The assembly on a surface offers the following advantages compared
to the assembly in solution: less by-products are formed because the surface
offers steric hindrance, less amount of protein is needed and the prepared plas-
mon rulers can be directly measured. For these reasons, I choose to assemble
plasmon rulers on a surface instead of in solution as in a previous work. [53]
Therefore, I adapted the passivation strategy from previously used unspecifi-
cally adsorbed blocking protein [53] to covalently bound polymer chains. [80]
This strategy enables the specific attachment of the first set of nanoparticles
with anchor groups. The use of covalently bound polymer chains instead of ad-
sorbed proteins, that could potentially come off, offers the advantage that less
disturbance of the protein is likely.

In that previous work, before the assembly of plasmon rulers on a surface,
the protein was coupled to the nanoparticles in solution exposing the protein to
room temperature for 3 h. The protein was then frozen again and thawed later
on the day of the experiment on which the protein was reduced for 1 h before
the coupling of the second particle for 2 h. In summary, the protein was exposed
to room temperature for 6 h with a freezing / thawing step in between before
the start of the measurement. In this work, I attach the protein directly in the
flow cell so that the protein stays at room temperature for only 1 h before the
start of the measurement (instead of 6 h).

I improved the dimer yield from previously 3 % to 20 % close to the high-
est possible yield according to Poisson statistics that is 27 % (see green line in
Figure 3.9, assuming dimerization I use k = 2, where the highest probability is
P = 27 %). I again decreased the salt concentration to c (KCl) = 50 mM during
the measurement process in order to try preventing dimer aggregation.

In summary, my modifications of the assembly protocol lead to a higher
dimerization efficiency during the assembly (20 % instead of 3 %). However,
most of the assembled dimers do not show single-molecule protein fluctuations
(similar to previous work, confer to Figure 3.7). [53] In this work, it was not
possible to find a solution to the problem of non-fluctuating dimers. Possible
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reasons for the existence of non-fluctuating dimers include denatured proteins,
still not optimal passivation, multiple linker formation or non-specific aggre-
gation of particles without protein. I do not rule out the possibility of protein
denaturation, but I find it unlikely since the protein is a heat shock protein rela-
tively stable and only exposed to room temperature for 1 h before the measure-
ment. Insufficient passivation seems an unlikely reason because optimization of
passivation did not increase yield of fluctuating dimers. I cannot exclude mul-
tiple linker formation, but given the comparable experiments with PEG linkers,
I find it highly unlikely. In my opinion, the non-specific aggregation of particles
without protein is the most likely. In order to improve the yield of function-
ing dimers, future studies need to be carried out. One worthwhile endeavor, in
my opinion, could be to modify the PEG linker with a small alkane unit result-
ing in a hydrophobic core around the nanosphere. [70] This hydrophobic core
should be more protein-repellent compared to PEG possibly hindering protein
denaturation.
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4 DNA-HAIRPINS OPEN BY COMPLEMENTARY DNA

A partly self-complementary single DNA strand can hybridize with it-
self forming a loop, a so-called hairpin. Thus, the base pairs of the
DNA strand are paired only partly leaving a loop of unpaired bases.

Adding a short complementary strand will bind to the single-stranded part and,
thus, open the loop resulting in an extension.

DNA hybridization, bending, cleavage and stiffness has been extensively
studied with plasmon rulers (confer to Section 1.2 for more details). [4, 6, 7, 21,
28] Further DNA hairpins were studied with plasmon coupling as core-satellites
[82] and as dimers. [83, 84] However, the hairpins used are not specific to a
relevant target.

Here I use plasmon rulers to determine the size increase of an opening of a
hairpin by a target sequence, namely the gene sequence of the influenza virus
subtype H1N1 (’Spanish Flu’). [85] My experiments measure the distance change
to be 50 % less than the maximum theoretical extension according to the num-
ber of base pairs. Since our plasmon ruler measure a time averaged value, this
suggests that the hairpin is not all the time folded. Indeed a room temperature
melting is highly possible.

This study suggests that plasmon rulers are capable of determining the size
increase of a DNA strand upon hairpin opening. Further moving these kind
of static experiments into time-dependent dynamics measurement could give
new insights on fundamental hairpin folding. Whether a DNA hairpin is folded
or opened is crucial for proteins to recognize and bind to the DNA, processes
directly related to e.g. replication, transcription regulation. [86]

4.1 PLASMON RULERS LINKED BY DNA CAN BE ASSEMBLED

I assemble DNA-linked plasmon rulers sequentially in a flow cell. DNA
sequences are commercially available to be custom-made on individual
orders including modification on either end. For the functionalization of

the particles, I ordered one end to be thiolated and for the linkage to another
particle the other end should be biotinylated.
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In order to avoid unspecific binding to the glass surface of our flow cell,
I pegylated the glass. Biotin anchors are included in the passivation layer to
which nanospheres coated with streptavidin can bind and, thus, be immobi-
lized on the glass surface (see Figure 4.1A). Next another batch of nanospheres
coated with DNA and containing biotin groups on their exterior are bound to
the streptavidin on the first nanosphere (because each streptavidin has four
binding pockets for biotin).

The DNA linking the now assembled plasmon ruler is partly self-comple-
mentary forming a hairpin (see zoom-in in Figure 4.1A). The so arising loop is
single-stranded and complementary to the gene sequence of the influenza virus
subtype H1N1. [85] Hence, this DNA sequence can bind to the loop and open
the hairpin.

In Figure 4.1B, I show the spectral effect of the comple-mentary strand open-
ing the hairpin. The scattering spectrum of the folded hairpin (shown in yellow)
will shift to lower wavelength when the hairpin is opened by its complemen-
tary strand (green spectrum) leading to an increase of inter-particle distance
followed by the decrease of coupling efficiency.

Figure 4.1: Assembly and measurement principle of DNA-linked plasmon
rulers. a) Au@Strep nanospheres are immobilized on a passivated flow cell pe-
gylated with biotin-anchors. Then Au@DNA-Biotin containing a folded hairpin
binds specifically to the streptavidin on the first particle. b) The scattering spec-
tra of the plasmon ruler linked by a folded hairpin (yellow) is shifted to lower
wavelength when a complementary strand opens the hairpin (green spectrum).
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4.2 THE RESONANCE WAVELENGTH SHIFT FOR DNA-OPENING

IS SMALLER THAN EXPECTED

I n order to check, if our dark-field microscope is working correctly, I first
take a reference measurement of single particle scattering spectra of the
immobilized streptavidin coated nanospheres. The resonance wavelength

shift is negligible as expected (the first measurement in Figure 4.2).
The next measurement is another control to see if our dimer assembly, the

plasmon ruler formation, takes place (the second measurement in Figure 4.2).
Here I expect a red-shift of the plasmon resonance due to plasmon coupling
of the pair of nanoparticles linked by DNA. The DNA is already folded in the
hairpin structure when it attaches to the first nanoparticle.

When I incubate with the gene sequence of the influenza virus subtype H1N1,
that is complementary to the single-stranded part of the DNA-hairpin, the loop
will open forming double-stranded DNA. A significant size increase is expected
accompanying the hairpin unfolding. This size-increase results in the blue-shift
of the resonance wavelength of the plasmon ruler (the last measurement in Fig-
ure 4.2).

The amplitude of the plasmon resonance shift for the hairpin opening can be
converted to the end-to-end distance change of the DNA. The conversion factor
is the sensitivity of length change L (described in detail in Section 2).

In order to estimate L, I need to know the nanosphere diameter of the indi-
vidual particles forming the plasmon ruler (here 40 nm) and the approximated
inter-particle distance. The DNA length depends on the number of base pairs
the DNA consist of (here 45 bp), with each base pair estimated to span 3.4 Å. Ad-
ditionally, the size of the streptavidin that is also located in between the particle
dimer needs to be taken into account. The diameter of streptavidin is approx-
imately 6 nm. [87] In sum, I estimate the inter-particle distance to be around
210 Å. This leads to a sensitivity of length change L = 0.1 nm/Å.

I determine the resonance wavelength shift of the hairpin opening to be
3.7 nm. The DNA length change is given by the following formula:

∆x = ∆λ/L (4.1)
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Figure 4.2: Resonance wavelength shift of the unfolding of a DNA hairpin.
The shift in resonance wavelength against the individual reaction steps: First
a reference measurement is recorded to check for instrument stability (∆λ =
0.1 ± 0.7 nm), then the dimer formation is conducted proven by a red-shift
(∆λ = 4.7± 2.9 nm), and finally the complementary strand is incubated with the
plasmon ruler whose opening is observed by a blue-shift (∆λ = −3.7± 1.7 nm,
n = 15). Each dot represents the response of an individual plasmon ruler with
the mean and its error (SEM) indicated by black symbols.

The approximate DNA length change upon hairpin opening determined by
plasmon rulers is 37 Å. This corresponds to around 11 bp. In fact, there are 22 bp
in the small complementary strand opening the hairpin. This disagreement can
be explained with the help of the self-complementary part of the hairpin, only
6 bp resulting in a melting temperature of 20 °C. Since our measurement are
conducted at room temperature, the hairpin is only folded half of the time. I
measured here statically, averaged over time, thus, obtaining a value half the
estimated one, is reasonable.

For future studies on DNA hairpins, it would be interesting to collect addi-
tionally time-traces to study their dynamic behavior.
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4.3 CONCLUSION

I investigated the size extension upon DNA hairpin opening by hybridiza-
tion with a small complementary strand with single-molecule plasmon
rulers. The plasmon rulers were assembled in a flow cell with the help of

the streptavidin biotin system.
The hairpin I used was complementary to the gene sequence of the influenza

virus subtype H1N1. The approximate DNA length change upon hairpin open-
ing determined by plasmon rulers is 37 Å. Here I only performed static mea-
surements upon target binding, the flexibility of hairpins could be studied in
timetraces in the future.

Since plasmon rulers have shown binding sensitivity up to single-molecules,
[28] it would be possible to create a very sensitive assay. With hairpins reacting
towards different targets, for example other influenza subtypes, a multiplexed
detection scheme would be imaginable. [27]
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5 POTASSIUM TRIGGERS A REVERSIBLE SPECIFIC

STIFFNESS TRANSITION OF POLYETHYLENE GLY-

COL

P olyethylene glycol (PEG) is a polymer widely used in pharmacy, med-
icine, and cosmetics by reason of its water solubility and its extraor-
dinary high bio-compatibility. [88, 89, 90] So-called ‘in-chain’ pseudo-

crown structures arise when PEG molecules self-assemble around some specific
metal cations, e.g. potassium, in helical conformations, . [90, 91, 92]

In contrast to PEG, polyelectrolytes respond mostly unspecifically to ions re-
sulting in a transition between compact and expanded states influenced mostly
by the ionic strength of the solvent. [93] However, the reaction of PEG in re-
sponse to cations it not completely understood, especially in respect to chain
stiffness, conformation and hydrodynamic radius, if it responds specifically to
definite ions or unspecifically.

In this work, ‡ I use plasmon rulers for observing the cation-generated con-
formational change and stiffness of PEG molecules. The end-to-end distance of
a single PEG molecule is spectroscopically resolved with the help of plasmon
rulers consisting of two plasmonic gold nanoparticles linked by PEG. [4, 44]
Our results demonstrate that PEG stiffness strongly changes in the presence of
potassium but not with sodium, proposing a specific PEG-cation interaction.
Generalized intrinsic viscosity measurements support our single-molecule re-
sults.. In addition, we perform molecular dynamics simulations revealing that
indeed ‘in-chain’ crown-like structures arrange around potassium ions (but not
around sodium ions) leading to the observed reaction towards cations.

‡In this project, Dr. Rubén Ahijado-Guzmám synthesized and characterized the gold
nanospheres. Weixiang Ye developed the setup and performed BEM simulations. I function-
alized the individual nanospheres, assembled the dimers and passivated the glass substrate.
I performed the measurements and the data analysis with the help of Weixiang Ye. I con-
ducted the intrinsic viscosimetry measurements at WEE-Solve GmbH, Mainz and evaluated
the data with help from Prof. Dr. Bernhard Wolf (Institute of Physical Chemistry, University
of Mainz). The molecular dynamic simulations were performed by Dr. Giovanni Settanni and
Prof. Friederike Schmid (Institute of Physics, University of Mainz). I coordinated the project
and a version of this chapter is published as [51].
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This specificity in the response towards potassium ions is an alluring op-
portunity in respect to the synthesis of ‘smart polymers’ responding to external
environmental stimuli, for example in the context of electro- or opto-mechanical
systems, tissue engineering, drug delivery and diagnosis. [94, 95] More gener-
ally, the discovered stimuli-responsive performance of PEG could act as model
system, foldamer-like, for other more complex macromolecular transitions such
as conformational changes and folding of proteins. [96, 97] The method I use
here, single-molecule plasmon rulers, is an enticing tool for investigating such
systems that has until now not been employed to the full extent possible. Re-
solving transient intermediate states and alternative folding pathways directly
are possibilities for single-molecule plasmon rulers. Further the characteriza-
tion of complex conformational dynamics of proteins could benefit tremen-
dously from the plasmon ruler technique.

Other typical single-molecule techniques such as optical tweezers, atomic
force microscopy (AFM) or fluorescence resonance energy transfer (FRET) can
be potentially replaced by plasmon rulers to measure molecular distances. [4,
44] FRET endures from limited monitoring bandwidth (time resolution and to-
tal observation time) due to photo-bleaching and the biggest measurable dis-
tance is restricted to roughly 10 nm. [18, 98] AFM and optical tweezers generate
a force on the molecule under investigation and, thus, extrapolation to zero-
force is required for extracting equilibrium values. The applicable force spec-
trum in AFM is restricted due to the cantilever stiffness. The samples could be
disturbed or destroyed by heating or photodamage because of the strong light
fields applied in optical tweezers. [10, 99]

These drawbacks are likely tackled by plasmon rulers considering the lack
of bleaching or blinking in plasmonic light scattering granting, in principle, un-
limited observation times. The coupling of two neighboring plasmons in a plas-
mon ruler is the basis principle of the method. An increase in the interparticle
distance results in a shift of the plasmon resonance wavelength of the coupled
arrangement to higher frequencies (‘blue shift’) accompanied by a decrease of
total scattering efficiency of the peak. The coupling efficiency of plasmonic par-
ticles decreases approximately exponentially as a function of distance with a
typical decay length equivalent to around 0.2 times of the particle diameter.
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[19] The molecular dynamics of a single macromolecule tether connecting the
particle pair governs the plasmon resonance frequency. In principle, all metal
nanoparticles exhibit plasmon resonances. Gold is chosen as material for the
plasmonic nanoparticles in our plasmon rulers due to its high chemical stabil-
ity, a resonance frequency in the visible spectrum, and the comparatively low
damping.

5.1 PLASMON RULERS RESOLVE POLYMER EXTENSION

T he diameter of the spherical gold nanoparticle forming the plasmon
ruler is customized to the predicted molecular extensions of interest.
Since the particle diameter of the respective single nanospheres also af-

fects the plasmon resonance of the plasmon ruler, a low polydispersity among
the nanospheres is necessary in order to convert the plasmon resonance fre-
quency properly into molecular distance. Therefore, I employed a nanosphere
synthesis method in our study known to yield a low polydispersity batches of
gold spheres (Appendix Figure 8.2). [100] I observed a mean particle diameter
< D >= 52 nm with a size diversity of σD = 2 nm in our batch. This size diver-
sity amounted to about 4 % of the mean (polydispersity index PDI = 1+ σ2/ <

D >= 1.0015). This is less than in most nanoparticle synthesis strategies lead-
ing commonly to diameter variations of around 10 % (or worse). Further we
consider the shape anisotropy dispersity of our sample (aspect ratio variation
< 0.1). Both size variation and shape anisotropy culminated in a peculiarly tiny
variation of the single particle plasmon resonance wavelengths λres of only 9 nm
(standard deviation) around the median value of λres = 561 nm.

In a plasmon ruler experiment, I need to connect a dimer of gold nanop-
sheres by a single macromolecule tether, with one of the spheres fixed on a
translucent substrate and the second sphere should be mobile in a solution. I
decided to form the dimers step-by-step in a microscope flow cell. In this way
I was able to observe the assembly process in real time avoiding purification
steps and facilitating the selective connection of only the first sphere to the sub-
strate. In order to assemble dimers in a flow cell, I immobilized nanospheres
from a first batch of particles on the glass surface (Figure 5.1A). After rinsing to
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get rid of the unbound excess of particles and blocking the remaining substrate
surface, I introduced a second set of particles into the flow-cell, functionalized
to connect specifically to the first particles. I oversaw the creation of dimers in
the microscope, which is easily observable by a strong color change. As soon as
an adequate amount of dimers was produced, I washed off the unreacted par-
ticles. Subsequently, I was able to exchange the liquid environment around the
dimers for the investigation of macromolecular dynamics.

Figure 5.1: Dimer formation and principle of measurement. a.) Simplified
step-by-step schematic illustration of the deposition strategy for the dimer for-
mation in the flow-cell (cf. Appendix Figure 8.3 for details). b.) Measured single
particle spectra of dimers with a single PEG tether (inset) in a stretched (violet)
and compressed (pink) configuration. Compared to the compressed configu-
ration, the stretched configuration shows a red-shifted plasmon resonance of
slightly higher intensity. The intensity change (ρ) at wavelength λ2 (normalized
and corrected for the value at wavelength λ1) is approximately proportional to
the change in interparticle distance ∆x = x2 − x1 (cf. also Appendix Figure 2.6
and Figure 8.1). Figure included in the manuscript accepted as [51].

I took the two batches of nanospheres forming the dimers from the identical
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stock of particles as mentioned above. The first particle set was functionalized
with thiol-PEG-biotin and the other particle set with the protein streptavidin
(see Appendix 8.3.2). [61] The immobilized biotin-PEGylated nanospheres on
the substrate caught the streptavidin coated particles from the liquid environ-
ment due to the strong affinity of streptavidin to biotin. For the sake of avoid-
ing multiple PEG molecules tethered between the two particles, I functionalized
the first particle set with a mixture of biotin functionalized PEG and nonreac-
tive methoxy-PEG, generally yielding a ratio of about 1 : 19. To enhance the
accessibility of the biotin, the biotin-PEG was somewhat more extended (3 vs
2 kDa) than the nonreactive PEG. Multiple linker formation could be avoided
because the curvature of the sphere provided steric hindrance (see sketch drawn
to scale Appendix Figure 8.3). [101] Due to this deposition strategy I was able
to observe stretching and shrinking of single PEG macromolecules linking both
nanoparticles in response to varying potassium and sodium ion concentration
in the solvent.

In order to investigate the stiffness of the PEG molecule connecting the plas-
mon ruler (inset, Figure 5.1B), I determined the time-dependent distance changes
∆x(t) read out by the plasmon resonance wavelength. The stiffness of the linker
is directly resolved by the measured distance fluctuations. Exemplary light scat-
tering spectra of a single dimer in both stretched (inset left) and shrunk (inset
right) configurations of PEG are shown in Figure 5.1B. As described before, a
shorter tether induces a red-shift in the dimer spectrum with higher maximum
scattering efficiency. Resolving the entire spectrum shown in Figure 5.1B solely
before starting the experiment enables us to accelerate the determination of dis-
tance changes by only observing the intensities I1(t) and I2(t) at the two wave-
lengths λ1 and λ2 as indicated in Figure 5.1B. I exploit the transverse plasmon
mode of the dimer, represented by the shorter wavelength (λ1), as internal ref-
erence for the intensity because this mode is not influenced (much) by distance
changes. After normalizing the intensities at λ1 and λ2 to their initial values
Inorm(t) = I(t)/I(t = 0), I monitored the ratio ρ(t) = I2,norm(t)/I1,norm(t) over
time. I extracted interparticle distance changes ∆x(t) from the normalized in-
tensity changes ρ(t) with the help of a theoretical model similar to the one pre-
viously described (see Appendix Figure 2.6). [19] I simplified the translation
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valid for small fluctuations in interparticle distances ∆x by introducing a linear
conversion factor L = ∆ρ/∆x that is approximately L ≈ 0.03/nm in our system.

The experiments described above were carried out with a hyper-spectral
imaging setup (shown schematically in Appendix Figure 8.1). With this setup,
based on a white light laser in connection with an acousto-optical tunable (AOTF),
I was able to switch between two operation modes: Alternating between all pos-
sible wavelengths, I resolved every spectra of all the particles in the field of view
before starting the timetraces. In the next step, I rapidly switched the illumina-
tion between two wavelengths λ1 and λ2 acquiring fast timetraces in ‘dual-line
mode’. In this way, I determined the interparticle distance of up to 70 dimers
simultaneously for many hours with a time resolution of 50 ms continuously.

5.2 DISTANCE FLUCTUATIONS ARE GOVERNED BY POLYMER

STIFFNESS

I show an example of a timetrace of a single plasmon ruler tethered by a
single PEG molecule in two different salt conditions in Figure 5.2A (pur-
ple-gray-pink line). In a particular salt concentration, I observed distance

fluctuations around an equilibrium value by as much as ±3 nm in the graph.
Similar timetraces are measured in parallel on dozens of dimers - on some of
them no fluctuations were observed, possibly due to the unintended immobi-
lization of both nanospheres on the glass surface. I exploit these ‘control dimers’
for determining our instrumental noise under the assumption that molecular
fluctuations is not taking place in these dimers. The fluctuations monitored on
a particle pair with one mobile sphere and one immobilized are much larger
(10 X) than the fluctuations observed on ’control dimers’ (see dark blue time-
trace in Figure 5.2A). Another indication for a dimer governed by molecular
fluctuation is the shrinking of the end-to-end distance of the PEG molecule
in higher salt concentration. Therefore, I changed the salt concentration after
30 min from 0.1 mM to 10 mM and observed the shrinking and the fluctuation
amplitude decreased simultaneously by a factor of about 2. Both observations
substantiate the hypothesis that the shrinking of a PEG molecule is accompa-
nied with higher stiffness. I rule out alternative explanation of fluctuations, for
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example instrument noise or particle surface coverage fluctuations.

Figure 5.2: Molecular stiffness from equilibrium fluctuations. a.) Timetrace
(purple, gray and pink line) of the normalized intensity ratio ρ (left axis) and
corresponding interparticle distance change ∆x (right axis) at two different
K2SO4 concentrations (shaded areas) for a dimer connected with a single PEG
tether. The dark blue line corresponds to the values measured on a ‘control
dimer’ where both particles are immobilized on the substrate. b.) Interparti-
cle potential ϕ as a function of fluctuation (extension) around the equilibrium
value. The values extracted from the probability functions for the particle sep-
aration ∆x shown in Figure 5.2A are shown as dots (color corresponds to the
time sequences shown in Figure 5.2A). The measured values (dots) clearly fol-
low two different trends as indicated by the fitted parabolas (lines in the corre-
sponding colors). Figure included in the manuscript accepted as [51].

To determine polymer stiffness quantitatively from distance fluctuations, I
consider a Boltzmann distribution underlying the probability distribution P(x)
of the interparticle distances given by a molecular potential ϕ(x) (contributions
from noise are disregarded here). [7, 102] I gained the potential ϕ(x) from
the probability distribution P(x) of our timetraces by ϕ(x)/kBT = −ln(P(x)).
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The translated potentials for the two different salt concentrations used before
(0.1 mM, violet, and 10 mM, pink) are shown in Figure 5.2B. A parabolic fit to
ϕ(x) yields the spring constant k, if I consider the potential stems purely from
the stiffness of the molecular tether. These parabolic fits are represented as solid
lines in Figure 5.2B together with the matching spring constants. The calcula-
tion are in agreement with the qualitative hypothesis presented above: a lower
spring constant in the lower salt environment, consistent with a more flexible,
extended polymer chain.

In order to demonstrate that the monitored fluctuations are determined by
the properties of a single molecular linker, I designed additional control exper-
iments. First, I ensured that the estimated spring constants are undisturbed by
the gold nanoparticles’ size and shape (as determined from the observed scat-
tering intensity and wavelength) (Appendix Figure 8.5). Second, I established
that the observed potential is governed by an individual molecular linker by
curtailing the amount of thiol-PEG-Biotin on the nanoparticle from 5 to 0.5 %.
Although this decrease adequately lowered, as expected, dimerization efficiency,
the determined spring constants were not altered (see Appendix Figure 8.6).

5.3 K+ ALTERS PEG STIFFNESS IN CONTRAST TO Na+

A fter the ratification of our method, I characterized the stiffness of sin-
gle PEG molecules as a function of potassium and sodium ion concen-
tration. First, I carried out a step-wise titration of K2SO4 from 0.1 mM

to 300 mM while monitoring the normalized intensities ρi(t) of all 70 dimers
in the field of view. In Figure 5.3A, I represent an exemplary timetrace ρi(t)
out of 70 in varying environments of K2SO4 concentrations as illustrated by the
shaded areas. I checked for reversibility of the shrinking process after each titra-
tion step to exclude i.e. irreversible aggregation by a brief reversion to the ini-
tial conditions of 0.1 mM K2SO4. In fact, the expected signal level was reached
after each concentration step, commonly within seconds (this reveals that our
solvent exchange time is slower than attaining equilibrium after the appeared
transition). The total reversibility was also demonstrated in another experi-
ment, cf. Appendix Figure 8.7. I duplicated the titration experiment several
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times with various salt concentration steps. Since our dimers were notably inert
against irreversible aggregation, I conclude that our approach of shorter poly-
meric spacer molecules passivating the leftover particle surface worked out.

I determined the linker stiffness of every dimer for each of the K2SO4 concen-
trations by evaluating the timetraces as described in Figure 5.2. The resulting
stiffness values as a function of of K2SO4 concentration (small pink open circles)
are depicted in Figure 5.3B. Averaging over all dimers, I obtained the mean
values for each concentration (shown by blue dots) and observed a clear sig-
moidal tendency with a transition to a stiffer, less extended state at higher salt
concentrations. Approximating a sigmoidal function (blue line) to the mean
values, I gained a critical transition concentration of 0.6 ± 0.2 mM (K+ con-
centration 1.2 ± 0.4 mM) and two conformations or ‘states’ with stiffness of
23.2± 0.2 pN/nm and 8.0± 0.5 pN/nm.

In order to assess the soundness of our outcome, I confirmed the transition
concentration with the help of literature results and an ensemble measurement
(Figure 5.3C). Our literature search yielded a value of around 10 pN/nm, mea-
sured by single-molecule AFM, which agrees with the value determined in low-
salt environment mentioned earlier. [103] In Figure 5.3C (see also Appendix
Figure 8.8), I depicted the results of an ensemble measurement, namely the gen-
eralized intrinsic viscosity {η} (hydrodynamic specific volume) as a function of
the K2SO4 concentration as described by Xiong et al. [93] The values deter-
mined by our single-molecule plasmon rulers are validated by these ensemble
data. An increase in the salt concentration induced a decrease in the specific
hydrodynamic volumes within the studied concentration range and saturated
at concentrations around 0.5 mM, consistent with the value determined above.
The Huggings constants further support this (see Appendix Figure 8.8) varying
as expected with the potassium concentration.
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Figure 5.3: Conformational transitions as function of salt concentration.
a.) Example of a timetrace of the intensity ratio ρ(t) (left axis) and interparti-
cle distance ∆x(t) (right axis) of a single plasmon ruler (pink line). The salt
(K2SO4) concentration was changed every 30 min (shaded areas) to the values
shown on top. Between every salt titration step I reverted back to 0.1 mM for a
short time to test for the reversibility of the PEG shrinking process. I recorded
about 70 such timetraces in parallel in each experiment. b.) The spring constants
(left axis) calculated from pieces of timetraces shown in ‘a’ for different salt con-
centrations are show as small open circles. Their mean value for every salt con-
centration is shown as solid blue dot with error bars corresponding to the error
of the mean. A sigmoidal function fitted to the data (solid blue line) shows a
transition at 0.6± 0.2 mM (1.2 mM K+ ion concentration). c.) For comparison,
the intrinsic viscosity measured on free PEG molecules in solution. The orange
line, to guide the eye, correspond to the expected intrinsic viscosity behavior.
The dotted orange line shows approximately the transition in the intrinsic vis-
cosity measurements at a concentration of around 0.5 mM which corroborates
our single-molecule data. The red line indicates the intrinsic viscosity value
in total absence of salt (pure water) and the dotted red lines correspond to the
error of that measurement. d.) Same data as in Figure 5.3B but from an experi-
ment with Na2SO4. At the end of the experiment, K2SO4 was added at 30 mM
resulting in the same stiffness as shown before (panel above). Figure included
in the manuscript accepted as [51].
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Elucidating whether the detected stiffness transition in PEG is based on the
ionic strength of the solvent or if it is specific to potassium ions, I contrasted K+

to Na+ reiterating the fluctuation experiment by titrating with Na2SO4 from
low to high concentrations (Figure 5.3D). Shrinking of the PEG molecule or
a transition of stiffness was completely absent within the investigated variety
of concentration (up to 30 mM Na2SO4 corresponding to 60 mM Na+). Af-
ter the titration with the final Na2SO4 solution, I switched to a K2SO4 solution
of identical concentration to verify the functionality of the plasmon rulers and
that they are linked by an individual molecule of PEG as before. Positively,
the presence of K+ instantly induced a shrinking of the PEG accompanied with
weaker fluctuations (higher spring constant). In summary, our experimental
results propose a specific conformational transition above about 1.2 mM K+.

5.4 DISTANCE FLUCTUATIONS ARE GOVERNED BY POLYMER

STIFFNESS

T o shed light on the detailed molecular mechanism underlying this spe-
cific potassium-induced PEG shrinking, we carried out atomistic clas-
sical molecular dynamics simulations. § PEG was simulated in pure

water, in a liquid environment of 150 mM of potassium salt, and in the presence
of 150 mM of sodium salt. These simulations were conducted for two differ-
ent length of polymers (PEG18 and PEG36) ruling out effects stemming from
varying polymer chain lengths because both polymers reacted similarly. We ob-
served a size decrease of PEG in the proximity to potassium ions but not with
sodium ions in the simulations (see the radius of gyration values in Appendix
Table 8.1).

The structural details detected in the simulations lead to the conclusion of
a strong coordination of the potassium cations to the oxygen atoms in the PEG
chain, which not present for sodium (Figure 5.4A). The simulation snapshots
in Figure 5.4B showed evidence that this strong coordination induced in-chain
pseudo-crown-like patterns in PEG molecules around the potassium cations.

§The molecular dynamic simulations were performed by Dr. Giovanni Settanni and
Prof. Friederike Schmid (Institute of Physics, University of Mainz). [51].
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We do not exclude that sodium could potentially also form such patterns, but
much more seldomly. In order to quantify this, we found that the probability to
observe more than 3 PEG oxygen atoms around a cation is 100 times larger in
the simulations at 150 mM K+ than in the simulations at 150 mM Na+ (12 % vs.
0.12 % of the trajectories). We attribute the shrinkage of the effective polymer
length as a direct effect of the evolution of pseudo-crown patterns.

One possible explanation for the different reaction of PEG towards the two
cations is based on the higher solvation free energy of Na+ compared to that of
K+. [104] To enable the interaction of the cations with the oxygen atoms in the
PEG molecule, the first hydration shell of the cations needs to be stripped off.
This is remarkably easier for potassium ions than for sodium ions explaining
the absence of the interaction with oxygen in the sodium case. Another con-
tributing factor is related to the steric hindrance stemming from the bending of
the polymer around a sodium ion which is smaller than a potassium ion. Thus,
a lower degree of bending around potassium is needed favoring this energeti-
cally over sodium ion. [90, 105]
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Figure 5.4: Results from Molecular Dynamics simulations. a.) The radial dis-
tribution functions of potassium (blue line) and sodium (green line) cations as
function of distance to the oxygen atoms of the PEG chain. The strong peak at
about 2.5 Å observed for potassium but not sodium suggests a much stronger
coordination to PEG. b.) Coordination of potassium ion in three representative
snapshots from the simulations shows the pseudo-crown pattern around the
potassium cations. Figure included in the manuscript accepted as [51].

93



5 POTASSIUM TRIGGERS A REVERSIBLE SPECIFIC
STIFFNESS TRANSITION OF POLYETHYLENE GLYCOL

5.5 CONCLUSION

investigated the shrinking and stiffness of polyethylene glycol (PEG) in dif-
ferent salt concentrations with single-molecule plasmon rulers showing their
pico-Newton sensitivity, in the same order as other single-molecule techniques

like AFM or optical tweezers. [10, 99] An advantage of plasmon rulers in com-
parison to Förster resonant energy transfer (FRET) is their working range at
much farther separations [18, 98] and the possibility to record timetraces with,
in principle, indefinite length - without bleaching, blinking, and rotation.

For the validation of our method, I thoroughly proved that our plasmon
rulers are linked by single molecules and showed that the polymer equilib-
rium conformation is unaffected by the nanoparticles. Using plasmon rulers
and molecular dynamics simulations, I discovered a potassium-triggered spe-
cific transition supported by the underlying molecular mechanism of the evo-
lution of crown-like patterns caused by the binding of potassium ions to the
oxygen atoms in PEG. This work will pave the way to install plasmon rulers
as a regularly used technique for the investigation of structural dynamics of
single macromolecules in polymer, soft-matter, biophysical, biochemical, and
bio-medical science.
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6 HSP90’S CONFORMATIONAL CYCLE HAS THREE

DECAY CHANNELS

T he conformational dynamics of proteins are essential to understand
their molecular specific role in living organisms. [106] Heat-shock pro-
tein 90 (Hsp90) is an essential molecular chaperone regulating impor-

tant cell processes, e.g. tumor suppressor factors, steroid hormone receptors
and protein kinases among others. [59] Its function is attributed to Hsp90’s
large thermally induced conformational changes (about 4 nm) on the timescale
of a few seconds. [2, 3, 107, 60]

Ensemble techniques are unable to resolve protein dynamics due to their in-
herent averaging over many unsynchronized molecules. Thus, single-molecule
techniques are necessary to resolve protein dynamics, e.g. using fluorescence
resonance energy transfer (FRET). [108] However, this technique suffers from
photobleaching limiting the maximum observation time to the lifetime of the
employed fluorescent dyes. Hence, conformational transitions lasting longer
than the dye lifetime are impossible to resolve.

In this work,¶ I monitor Hsp90’s conformational changes using plasmon
rulers. Our plasmon rulers consist of two plasmonic gold nanoparticles linked
by a single Hsp90 protein monitoring spectroscopically the end-to-end distance
over time.

Our measurements are able to resolve conformations (dwell times) lasting
longer because I can monitor a single protein up to 6 h. The longest dwell time
recorded under thermal conditions was around 10 min, one order of magni-
tude longer than the FRET observation time limit (approx. 3 min). Although
the events longer than FRET limit are very rare (corresponding to 1 % of all
events), these events are not predicted by the proposed four state model con-

¶In this project, Dr. Rubén Ahijado-Guzmám synthesized and characterized the gold
nanospheres. Weixiang Ye and Sirin Celiksoy developed the setups. I developed the function-
alization and assembly strategy for the dimers. Glass slide passivation was carried out either
by Julia Ricken from the group of Dr. Seraphine Wegner (MPI-P Mainz & University of Heidel-
berg) or by me. I assembled the dimers for the measurements and performed the measurements
and the data analysis with the help of Weixiang Ye and Sirin Celiksoy. The protein (Hsp90) was
expressed by Markus Götz from the group of Prof. Thorsten Hugel (University of Freiburg). I
coordinated the project and a version of this chapter is in preparation for publication as [109].
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sisting of two states corresponding to the closed conformation and two states
corresponding to the open conformation. The new discovered long dwell times
in my thesis need to be described by adding a third state for each conformation
as I propose here.

Understanding the fundamental origin of conformational changes could help
in multiple applied research areas like drug design, protein engineering or molec-
ular evolution. For example, the determination of the dynamic conformational
changes at the single-molecule level can directly resolve the inhibition of Hsp90
as one potential target for chemotherapeutic drug research. [110, 111] In ad-
dition to direct applications, the molecular mechanism of the dynamics is of
fundamental interest. [112]

6.1 PLASMON RULERS LINKED BY A SINGLE PROTEIN (HSP90)

ARE PREPARED ON A GLASS SURFACE

F or the preparation of our plasmon rulers, I need to connect two gold
nanospheres by a single Hsp90 protein with only one sphere attached to
the microscope glass slide and the other sphere free to move. I assemble

the plasmon rulers in a microfluidic flow cell because it helps to avoid purifica-
tion steps (for a comparison of advantages and disadvantages of the plasmon
ruler preparation methods see Section 3.3).

One challenge to extend plasmon rulers from simple macromolecules to pro-
teins is the strong tendency of proteins to attach unspecific to unprotected gold
and glass surfaces. In addition, proteins are not as chemically robust as DNA
and polymers, reducing the choice of coupling schemes and the time available
for the assembly process. Furthermore, the total particle separation should be
kept at a minimum as the plasmon ruler accuracy decreases quickly with inter-
particle distance. [19]

In order to avoid denaturalization of the protein on a solid surface, [113] our
nanoparticles are covered by a soft layer consisting of PEG. To avoid unspecific
binding of the nanospheres to the glass, I pegylated the glass surface with a
mixture of methoxy-PEG and biotin-PEG. Here the biotin molecule serves as an
anchor point for the specific attachment of the first sphere to the glass surface.
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I first deposited nanospheres from a first batch of particles specifically to the
glass surface employing the Streptavidin-Biotin-interaction (see Figure 6.1 and
for experimental details confer to Appendix Section 8.4.1).

Figure 6.1: Assembly of Hsp90-linked plasmon rulers. Simplified step-by-
step schematic illustration of the deposition strategy for the dimer formation in
the flow-cell. The glass surface of the microscope slide is coated with Si-PEG
to avoid unspecific binding of the nanospheres. Streptavidin serves as anchor
point for the specific attachment of the first nanosphere. The second nanosphere
is then linked to the first via Hsp90. Hsp90 sketch adapted with permission
from [60].

Common coupling strategies such as DNA-hybridization or the streptavidin-
biotin system are not suitable for Hsp90. Hsp90 binds unspecifically to DNA-
coated gold nanospheres (see Appendix Figure 8.9). The addition of two strep-
tavidin proteins to the plasmon ruler construct would increase the interparticle
distance by 10 nm worsening plasmon ruler sensitivity. Instead, I use PEG link-
ers modified with amino-groups that can be coupled to Hsp90. Hsp90 bears two
thiol-functionalities, one of them is coupled to the immobilized nanoparticles
with Thiol-Maleimide-chemistry. A second batch of particles is maleimidated,
introduced into the flow cell reacting to the second thiol-function of Hsp90. [53]
The challenge in this procedure lies in the last step where the second particle
is supposed to bind only to the first particle (via a single protein as connector)
and not to the glass surface (see Section 3.3.2).

The two batches of nanospheres used to create the dimers were taken from
the same stock of particles (see Appendix Section 8.3.1). Both batches of parti-
cles were functionalized with mixtures of different PEG-Thiols. The first batch
bears biotin, methoxy and amine-functionalities and the second batch only me-
thoxy and amine-functionalities.

In order to ensure that only a single Hsp90 protein connects the two parti-
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cles, I have attached a mixture of amino functionalized PEG and nonreactive
methoxy PEG to the first batch of particles. I tested different ratios of protein
concentrations and chose a concentration where only 20 % of the monomers
reacted to form dimers. Further, I also varied the salt concentration of the mea-
surement buffer. Here, I encounter two opposing effects: Lower salt concentra-
tion avoids particle aggregation whereas the protein should be more stable in
higher salt concentration. Indeed, I find a medium concentration working best
(see Section 3.1.2 and Figure 3.7). This deposition strategy allows monitoring
the conformational dynamics of a single Hsp90 attached to both nanoparticles.

6.2 CONFORMATIONAL CHANGES ARE DETERMINED FROM

THE PLASMON RESONANCE OF THE PLASMON RULER

T o study the conformational dynamics of Hsp90 linking the plasmon
ruler, I need to record the resonance wavelength as a function of time
and convert it to conformational changes through the estimation of the

interparticle distance. The resonance wavelength changes are assigned to the
two possible conformations of Hsp90. Typical light scattering spectra of a sin-
gle dimer in both conformations of Hsp90, open (inset left) and closed (inset
right), are shown in Figure 6.2A. As discussed before, a shorter linker leads to
a more red-shifted spectra with higher maximum scattering efficiency. To mea-
sure conformational changes quickly, I determined the entire spectrum shown
in Figure 6.2A only at the beginning of the experiment and then monitored the
intensity at a single wavelength (approximately at the line-width of the plasmon
resonance peak) as indicated. The setup used here is similar to one previously
used in another context [114] and described in more detail in Appendix Sec-
tion 8.1. However, the amount of data recorded in this scheme (2 TB for a 6 h
experiment at 100 ms resolution) quickly becomes a limiting factor for currently
available hard drives. To overcome this problem, we reduced the data while
recording by saving only the pixels related to particles, resulting in 4 GB of data
for a 24 h recording at 20 ms. Furthermore, we increased the maximum record-
ing speed by switching from a flexible light source (white light laser coupled to
a tunable filter, 8 mW) to a fixed wavelength LED with higher intensity (35 mW).
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Taken together, the setup and data handling improvements introduced in this
work increase the available recording bandwidth more than 3 orders of magni-
tude compared to previous reports. [7] The performance of the setup is shown
in Appendix Figure 8.10. ||

Figure 6.2: Spectra of Hsp90-linked plasmon rulers in open and closed confor-
mation. a) Measured single plasmon ruler spectra linked with a single Hsp90
protein (inset) in open (blue) and closed conformation. The closed protein con-
formation leads to a red-shifted plasmon resonance with higher intensity com-
pared to the open protein conformation. The intensity change (∆I) is measured
at a single wavelength. b) Timetrace (red and blue line) of the intensity change
∆I (left axis) and corresponding protein conformation (right axis). The black
dashed line corresponds to the medium value and the two black dotted lines
represents the two protein conformations. The time intervals in between confor-
mational transitions are referred to as dwell times, τopen and τclosed, respectively.
Hsp90 sketch adapted with permission from [60].

The intensity change ∆I at our measurement wavelength was monitored
over time with the respectively higher intensity level corresponding to the closed
and the lower level to the open protein conformation. A typical conformational
cycle of the protein Hsp90 is shown in Figure 6.2B. I define dwell time as the
time interval in which the protein stays in a specific conformation. Thus, I can
define two dwell times as τopen and τclosed.

||Setup developed by Weixiang Ye and Sirin Celiksoy.
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6.3 NOT ALL PROTEIN PLASMON RULERS ARE FLUCTUATING

I n order to prove that Hsp90’s random fluctuations can be monitored by
plasmon rulers, I need to show that plasmon rulers linked by Hsp90 fluc-
tuate with higher magnitude than control plasmon rulers. These fluctu-

ation should follow a two state behavior, in which the closed conformation is
less frequently occupied compared to the open one.

I first identified dimers in our flow cell by recording the spectra of all nanopar-
ticles in our field of view with a hyper-spectral imaging setup (see Section 8.1).
I found 325 dimers in our field of view with resonance wavelengths above
570 nm.

Then I switched the setup configuration to a single line mode imaging with
ten frames per second with the illumination wavelength at 632 nm. Thus, I
recorded so-called timetraces in parallel for 6 h. Many of the investigated dimers
did not show typical Hsp90 transitions, but only noise, for example the time-
trace shown in Figure 6.3A (top, left). A typical timetrace with fluctuations
attributed to Hsp90 can be found in Figure 6.3A (bottom, left).

Ideally, all of our plasmon rulers should be linked by a single Hsp90 pro-
tein and, thus, fluctuate accordingly. A non-fluctuating so-called ’noise’ dimer
can be formed by various reasons. Two nanoparticles could be linked only by
PEG without Hsp90. Hsp90-linked dimers could include a denatured, non-
fluctuating protein. If two Hsp90 proteins whose fluctuations are not synchro-
nized bridge the dimer, I would also observe ’noise’. Further either the glass
passivation or the nanoparticle surface passivation was not perfect immobiliz-
ing both nanoparticles of the dimer on the glass surface or on top of each other
hindering fluctuations.

In order to filter the fluctuating dimers from the non-fluctuating dimers, I
used the shape of the histograms of the timetrace as a criterion to select dimers
showing Hsp90 fluctuations. In case of a dimer only showing measurement
noise, the histogram of the timetrace (Figure 6.3A (top, right)) is shaped as ex-
pected for Gaussian noise. In the other case of a Hsp90 dimer, the obtained
histogram (Figure 6.3A (bottom, right)) is bisected. I approximated a Gaussian
distribution function to the histograms and determined the coefficient of de-
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termination R2. The maximum value of R2 is 1, meaning the data points are
approximated well by the chosen fitting function. Hence, I expect R2 to be close
to 1 for ’noise’ dimers because their histograms should be a Gaussian distribu-
tion. Dimers with Hsp90-like fluctuations are expected to be skewed resulting
in a significantly lower R2-value. In Figure 6.3B, I depict the R2-values for all
possible 325 plasmon rulers, from which 4 are observed with a low R2-value.
These 4 dimers are expected to show Hsp90 fluctuations. Since there are typi-
cally a few hundred dimers within the field of view, this low efficiency was still
enough to reliably obtain single molecule data.

Figure 6.3: Selection of plasmon rulers for Hsp90. a) Timetraces (left) of a
dimer showing no conformational transitions (top) and of a dimer with typi-
cal transitions (bottom). The corresponding histograms (right) show a bisected
histogram for the dimer with transitions (bottom) which is not the case for the
dimer without transitions (top). b) The histograms shown in Figure 6.3A are
approximated by a Gaussian function and the respective coefficient of variation
(R2) is determined as a higher value for dimers with no transitions and a lower
value for dimers with transitions. Conformational changes of the protein are
observed on 4 out of 325 measured dimers.
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6.4 SOME PROTEIN PLASMON RULERS ARE FLUCTUATING

F our of the plasmon rulers showed random fluctuations lying above our
experimental noise level. I focus on those dimers (usually around 1 %)
for further analysis. I monitored the conformational transitions of Hsp90

in apo-configuration (without nucleotide present) for 6 h with 10 f ps (frames
per second) as depicted in Figure 6.4. Additional timetraces recorded for 24 h
are shown qualitatively in Appendix Figure 8.11. Here, I detect long extended
periods of time where the molecule seems to be stuck in either the open or the
closed configuration.

As a control experiment, I incubated the same plasmon rulers as above for
10 min with buffer containing 2 mM AMP-PNP (5’-adenylyl-imidodiphosphate),
a non-hydrolyzable analog of ATP (adenosine triphosphate).

AMP-PNP is known to lock Hsp90 in its closed conformation. [3] I recorded
timetraces for additional 40 min under AMP-PNP conditions and, indeed, I ob-
serve the expected clear shift of the equilibrium with Hsp90 occupying predom-
inantly the closed conformation (confer to Appendix Figure 8.12 and Appendix
Table 8.2). This result is an essential control proving that the fluctuation stem
from the protein because the expected behavior of Hsp90 is observed.

6.5 HSP90 PLASMON RULERS CONFIRM FRET-RESULTS

P revious FRET measurements have suggested a model for Hsp90’s con-
formational cycle consisting of two states describing the closed confor-
mation and two states assigned to the open conformation. [2, 3, 60, 115]

The four-state model suggested before described each conformation by a double
exponential function (with two dwell times). In our results, I compared double
and single exponential and I obtained a better description by using the double
exponential model.

In order to confirm the model suggested by FRET, I estimated all dwell
times of the open and the closed conformation, respectively, using the Matlab-
function ‘pulsewidth’ (as described in Figure 6.2B). I attributed the higher in-
tensity level to the closed conformation of Hsp90 and the lower intensity level
to the open conformation, taking the average intensity value as threshold. The
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Figure 6.4: Selected timetraces for Hsp90. Timetraces of the 4 selected dimers
(cf. Figure 6.3B) showing typical conformational transitions of Hsp90 that are
monitored for 6 h with a time resolution of 10 f ps.

time difference between two transitions of the threshold was defined as dwell
time. In total, I accumulated over 12, 000 dwell times for each conformation
from the four plasmon rulers investigated in apo-condition for 6 h with 100 ms
time resolution yielding a total observation time of 24 h.

The dwell times are statistically distributed with no correlation between suc-
cessive transitions (see Appendix Figure 8.13 ). The most proper way to deduce
the underlying states and their transition rates, is the Hidden Markov analysis,
[116] which finds the most probable sequence of states and their transition rates
describing the observed dataset. However, a Markov analysis needs the num-
ber of states as an input parameter. In order to see if the previously described
four-state model (two states in the closed and open state, respectively) is able
to describe our new data, I look at the cumulative dwell time distribution in
Figure 6.5A. To extract the rate constants of the conformational changes, I ap-
proximated an exponential decay function to the cumulative dwell time distri-
bution. The decay times describing the open conformation are longer in respect
to those belonging to the closed conformation, as described before. [3] The ob-
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tained decay times are in good agreement (same order of magnitude) with the
FRET-values shown in Figure 6.5B and Appendix Table 8.2. [115]

Figure 6.5: Thermal dwell times of Hsp90 compared with FRET. a) Cumulative
dwell time distribution for open state (blue) and closed state (red). Dwell times
are obtained as shown in Figure 6.2B. The dwell time distribution is approx-
imated with a double-exponential decay function (lines in the corresponding
colors) from which two mean dwell times for each conformation are extracted
(dashed lines in the corresponding colors). Individual dwell time distributions
for the four measured plasmon rulers are displayed in Appendix Figure 8.14).
b) Bar plot comparing the extracted dwell times with the plasmon ruler method
(green) and FRET (orange, values published). [115] Errorbars represent the un-
certainty of the fitted function. Hsp90 sketch adapted with permission from
[60].

Compared with FRET, the use of plasmon rulers offers more advantages, for
example, the study of a single protein within a population of proteins with high
statistics. For FRET-measurements the observation time and, thus, the amount
of data from a single protein is limited, making necessary to measure a high
amount of them. For our method, this is indeed possible, but not a requirement,
possibly gaining new insights on the heterogeneity within a population of the
same protein.

Since I probed four single proteins each with its equivalent plasmon ruler
for 6 h with a time resolution of 100 ms, I can extract the dwell times from
the individual cumulative dwell time distribution (displayed in Appendix Fig-
ure 8.14 and Appendix Table 8.3). The first decay dwell times of both (open and

104



6 HSP90’S CONFORMATIONAL CYCLE HAS THREE DECAY CHANNELS

closed) conformations are in the range of our time resolution (100 ms). These
fast processes show no inherent heterogeneity within the population. On the
other hand, both time constants for the second decay are in the order of a few
seconds.

Although our data does not contradict the four-state model previously sug-
gested, I found additional longer dwells inaccessible by FRET due to its limited
observation time. The percentage of individual dwell times above the mean
value was 8 % and 5 % for the open state and the closed state, respectively.

6.6 A THIRD DECAY CHANNEL INACCESSIBLE BY FRET IS DE-

TECTED

T he biggest advantage of our plasmon rulers compared to FRET is the,
in principle, unlimited observation time. To find out, if and how much
dwell times are missed studying the conformational dynamics of the

molecular machine Hsp90, I searched for dwell times that are not reachable
by FRET. The bleaching of the fluorescent dyes in FRET limits the maximum
observation time depending on the exposure time. Assuming the same frame-
rate as used in our plasmon ruler experiments, the longest existing dwell time
in our data set (623 s) is inaccessible by FRET.

The long dwell times of around 10 min I found are not very common, thus,
are not easy to visualize in the cumulative dwell time probability P (referred to
as ’Method 1’, confer to Figure 6.5A). Hence, I searched for other common ways
to represent dwell time distributions.

One possible method is taking the logarithm of the probability (−ln (1− P))
against the dwell times (’Method 2’). Each decay channel is depicted as a lin-
ear function with the slope corresponding to the specific dwell time. In Fig-
ure 6.6A,B, I applied this method to our dwell time distribution for the closed
(A) and for the open (B) conformation. For the slope of the linear functions de-
scribing the first two decay channels (green and violet lines in Figure 6.6A,B), I
used the values extracted from the double-exponential decay function in Fig-
ure 6.5A. These two linear functions were not able to describe dwell times
longer than about 50 s, since the data points clearly deviated from the linear
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trend lines. Thus, a third linear function was needed indicating a previously
undetected third decay channel. The values for the third decay channel were
determined by the slope of the third linear function (for values confer to Ta-
ble 6.1).

Another possible method to represent the dwell time distribution is described
in the literature. [117] Here, the logarithm of the dwell times is divided in equal
bins and the resulting histogram is approximated by Formula 6.1 (’Method 3’).
In our case, n value was 3 as depicted in Figure 6.6C,D.

√
counts =

n

∑
i

ai · exp [(t− τi)− exp (t− τi)] (6.1)

With Method 2 and Method 3, it was possible to extract long lasting con-
formations, hidden in Method 1. In Table 6.1, I show the obtained dwell times
by the three different methods presented above. Using the determined dwell
times as input parameters, the data distribution represented as Method 3 for a
simulation gives a similar distribution (see Appendix Figure 8.15).
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Figure 6.6: Detection of third dwell time not accessible by FRET. a,b) Loga-
rithmic cumulative dwell time distribution for closed state (a) and open state
(b). The first (green) and the second (violet) dwell time are shown as linear
lines with the values from Figure 6.5A. The data points shown as black dots
clearly deviate from a model with two decay channels. The third dwell time is
extracted from the fitted linear function shown as black line. c,d) The square
root of counts against logarithmic bins of the dwell time for closed state (c) and
open state (d) shown as black dots. Each decay channel is described by the
function

√
counts = a · exp [(t− τ)− exp (t− τ)]. [117] The fitted functions for

the first (green), second (violet) and third decay (black) and the sum of the func-
tions (pink) are shown as lines. The data points above exp (4) s ≈ 55 s are not
represented by the functions for the first two dwell times, thus, the third fitted
function is required. Hsp90 sketch adapted with permission from [60].
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Table 6.1: Comparison of dwell time extraction methods for apo-conditions.

open closed

τ1 / s τ2 / s τ3 / s τ1 / s τ2 / s τ3 / s

Method 1 1.44 15.0 - 0.90 5.90 -

Method 2 - - 145 - - 26.9

Method 3 1.36 15.0 146 1.00 6.83 26.8

6.7 ATP ACCELERATES HSP90’S TRANSITIONS

A lthough Hsp90 is known to hydrolyze ATP (adenosine triphosphate),
the energy supplier in cells, it is unclear how the hydrolysis of ATP
influences the conformational cycle of Hsp90. [3, 107] Previous stud-

ies suggest a mild speed increase of the transitions for the employed four state
model (dwell times are decreased by a few seconds).

Since I have now confirmed that a third previously undetected third state
for each conformation exists (’six state model’), the influence of ATP on our
new model is unknown. Therefore, I incubated a Hsp90 plasmon ruler with
5 mM ATP and monitored the conformational transitions for a total of 3 h (see
Figure 6.7A). The dwell time analysis was carried out according to the three
methods described in the previous section.

I used Method 1 to compare with the FRET-values from literature (confer to
Figure 6.7B and Appendix Table 8.2). [115] The dwell times obtained by FRET
and plasmon rulers matched except τ2,closed, that was significantly longer in the
FRET measurement.

With the help of Method 2 (Figure 6.7C,D) and Method 3 (Figure 6.7E,F), I
found that the six state model describes the dwell time distribution better than
the four state model. This is for example evident in Figure 6.7D, where the
black linear function clearly deviates from the violet one which is not able to
describe the dwells shown as black dots. This result suggest, that the presence
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of ATP increases the conformational dynamics velocity. Thus, I found that the
longer dwell times in the presence of ATP are around 180 s, while in the absence
of ATP these were around 600 s. In both cases, I observed a six states, indicating
that ATP is not hindering state transitions. The effect of ATP on the transition
times was an overall decrease, especially for the states with the longer transition
times. The stronger response of the long-living states to ATP could indicate
a connection of the long lived third state with ATP hydrolysis. A complete
molecular model of the Hsp90 dynamics will require a systematic investigation
of mutants with different ATPase activity.
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Figure 6.7: Influence of ATP. a) Timetraces of a dimer incubated with 5 mM
ATP showing typical conformational transitions of Hsp90 that is monitored for
3 h with a time resolution of 30 f ps.
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b) Cumulative dwell time distribution for open state (blue) and closed state
(red) under ATP-conditions. Dwell times are extracted as shown in Figure 6.2B.
The dwell time distribution is approximated with a double-exponential decay
function (lines in the corresponding colors) from which two mean dwell times
for each conformation are extracted (dashed lines in the corresponding colors).
c,d) Logarithmic cumulative dwell time distribution for closed state (a) and
open state (b). The first (green) and the second (violet) dwell time are shown as
linear lines with the values obtained from ’b’. The data points shown as black
dots clearly deviate from a model with two decay channels. The third dwell
time is extracted from the fitted linear function shown as black line. e,f) The
square root of counts against logarithmic bins of the dwell time for closed state
(c) and open state (d) shown as black dots. Each decay channel is described by
the function

√
counts = a · exp [(t− τ)− exp (t− τ)]. [117] The fitted functions

for the first (green), second (violet) and third decay (black) and the sum of the
functions (pink) are shown as lines. The data points above exp (4) s ≈ 55 s for
the open state and above exp (2) s ≈ 7 s for the closed state are not represented
by the functions for the first two dwell times, thus, the third fitted function is
required. Hsp90 sketch adapted with permission from [60].

Table 6.2: Comparison of dwell time extraction methods for ATP-conditions.

open closed

τ1 / s τ2 / s τ3 / s τ1 / s τ2 / s τ3 / s

Method 1 1.76 6.50 - 0.28 1.25 -

Method 2 - - 32.4 - - 2.62

Method 3 1.50 7.85 39.9 0.34 1.59 4.58
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6.8 CONCLUSION

I have used plasmon rulers as a new approach to resolve protein conforma-
tional changes and to determine the time constants that govern the pro-
cess. The obtained time constants are in good agreement with the previ-

ous obtained by FRET: the decay times are in the order of seconds and the open
conformation is more frequent than the closed conformation. In addition, I dis-
covered a new long lasting conformational state out of range to be resolved by
FRET spectroscopy. This unexpected discovery of a third state with a transition
time of about 150 s shows the power of the plasmon ruler method: Transitions
from this state correspond to less than 1 % of the observed transitions, empha-
sizing the need of a large observation bandwidth. Also, the transition lifetime
is well beyond what is commonly observed in single molecule fluorescence at
room temperature. However, when the conformational changes of the protein
are inhibited by AMP-PNP, the closed conformation is more frequent than the
open one. This inhibition is described by decay times in the order of minutes not
accessible by FRET. Thus, I show that plasmon rulers can resolve decay times
that could not be determined before.

Our plasmon ruler preparation technique, while still somewhat inefficient, is
easily adaptable to most proteins of interest. As a molecular chaperone, Hsp90
is a ‘sticky’ molecule, so I am optimistic that other molecules might proof easier
to handle. I believe that the plasmon ruler method will be eventually able to
observe single-molecule conformational dynamics from µs to days, which will
provide a unique window to single molecule conformational dynamics. The
ability to follow a single molecule for an extended period of time allows study-
ing slow processes such as protein denaturing or the complex conformational
changes after or during the interaction with other proteins or small molecules.
More fundamentally, it will be possible to investigate the variability of protein
conformational dynamics within nominally identical protein species, caused for
example by small differences on the atomic level, variability in the amino-acid
sequence or even the isotopic composition. Especially the possibility to study
protein dynamics in different conditions is helpful to identify and characterize
the function of potential drug targets in pharmaceutical research.
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I he results presented in this thesis demonstrated the potential of plasmonic
nanosphere dimers as real-time plasmon rulers in single-molecule studies
due to their direct plasmon coupling. Here, I gave an overview about the

accomplishments during my PhD, using plasmon rulers for applications such
as DNA hairpin hybridization, polymer dynamics and protein dynamics.

First, I summarized the main challenges and constraints I faced during plas-
mon ruler assembly in Chapter 3. The linkage of only a single molecule can
be achieved by a mixture of ligands for the nanoparticle functionalization. The
assembly can be carried out as two fundamentally different approaches, as as-
sembly in solution or as assembly on a surface. I tried both approaches but ul-
timately decided to perform the assembly on a surface. The reason for this was
that the solution assembly required cleaning procedures that were tough to get
to high enough efficiency and, due to the time and chemical steps needed, in-
creased the likelihood of non-functioning proteins. During my work, it turned
out that non-functioning dimers are the main issue in plasmon rulers connected
by proteins, therefore I focused my assembly strategy to be as “gentle” and fast
as possible - which made surface assembly the method of choice. For the assem-
bly on a surface, the surface needed to be repellent to secondary nanoparticles.
Main strategies included the unspecific binding of proteins blocking the surface
or the covalent attachment of polymer chains to the surface. For polymer inves-
tigation, I blocked the surface with protein due to their fast reaction. For protein
investigation, I attached a polymer to the surface because of higher efficiency.

In Chapter 4, I investigated the hybridization of a complementary DNA
strand resulting in an opening of a DNA hairpin. The target strand was the
gene sequence of the influenza virus subtype H1N1 and can, thus, act as a sin-
gle molecule sensor for specific gene sequences.

Time-dependent measurement of the equilibrium extension fluctuations in
a polymer, here polyethylene glycol, with plasmon rulers were shown in Chap-
ter 5. With the extension fluctuations, I obtained the stiffness constant of the
polymer under various salt concentrations. Whereas there was a stiffness tran-
sition with potassium ions at a concentration of above about 1.2 mM K+, I did
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not observe a stiffness change with sodium ions. Therefore, the stiffness transi-
tion was specific to potassium and not to sodium.

I used plasmon rulers to show the conformational cycle of the molecular
machine Hsp90, that fluctuates between an open and a closed conformation
(Chapter 6). At the start of my work, a co-worker, Janak Prasad, had already
succeeded in making Hsp90 connected dimers and measured a few timetraces.
[53] However, the assembly process was slow and the efficiency was poor. To-
gether with a setup that allowed only to measure one particle at a time, this
caused insufficient statistics to get meaningful results on single protein dynam-
ics. To overcome these problems, I tried several alternative strategies of dimer
formation, both with regards to overall assembly strategy (in solution vs. on
surface) as well as the linking chemistry. I tried to optimize these assembly
processes using simple tethers, like PEG or DNA. In parallel, my co-workers,
Sirin Celiksoy and Weixiang Ye, optimized the measurement process such that
it became possible to measure hundreds of dimers in parallel - which greatly
reduced the pressure to have efficient dimer assembly. These technical ad-
vances - together with the slightly improved assembly procedure - led to the
successful observation of single protein dynamics with enough statistics that it
is possible to perform tests like changing the dynamics with additives (AMP-
PNP) and to discover previously hidden long-term dynamics. Together with
my co-workers, we were able to measure the up to now longest single pro-
tein timetraces ever recorded (up to 24 h) - with the length of the measurement
only limited by the patience of the observer and data storage considerations.
Together with an exposure time as low as 10 ms, this gives an unprecedented
observation bandwidth of 106 that will enable to look at rare transitions in pro-
teins. The simultaneous recording of hundreds of single molecules in parallel
makes investigations into effects of protein heterogeneity on its conformational
dynamics possible.
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8.1 MICROSCOPE SETUP MODIFICATIONS

For our setup**, we equipped an inverted microscope Zeiss Axio Observer Z1
with a PI721 Z-Piezo (Physik Instrumente, 100 µm travel range), and a Plan--
Apochromat 40x / 1.3 Zeiss objective. The light source used is a SuperK EX-
TREME supercontinuum laser with a SuperK SELECT multi-line tunable fil-
ter (NKT Photonics) controlled with a ADwin-Gold II (Jäger Messtechnik). A
home-made MATLAB-based software was used for automated data acquisition
and analysis. With our setup configuration the simultaneous investigation of
the complete field of view (1000− 2000 nanoparticles) with high temporal reso-
lution was possible. The average exposure time for each wavelength was about
50 ms exposure time plus about 10 µs to switch between the wavelengths. In
sum, we needed about 1 s for acquiring a stack of images for the extraction of
the spectra of all the nanoparticles in the field of view, and about 100 ms between
time-steps of the timetrace in the double-line configuration. For single-line con-
figuration, we can either illuminate constantly with just one wavelength filtered
by the AOTF or use a LED as light source ††.

**The setup was developed by Weixiang Ye. It was used in double-line configuration in the
manuscript accepted as [51] and in single-line configuration in the manuscript in preparation
as [109].

††A setup with LED as light source was developed by Sirin Celiksoy and also used in the
manuscript in preparation as [109].
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Figure 8.1: Microscope Setup. a.) Schematic representation of the dual-line
imaging setup used in this work. b.) Two images at two different wavelengths
were acquired at each time-step t1, t2, t3, ... (top). From each pair of images, we
extracted the parameter ρ, which then forms a time-trace ρ (t) (bottom). Figure
included in the manuscript accepted as [51].

116



8 APPENDIX

8.2 DNA-HAIRPINS OPEN BY COMPLEMENTARY DNA

If not specified, all the chemicals and reagents were purchased with analytical
grade from Sigma-Aldrich or Merck. Deionized water from a Millipore system
(> 18 MΩ, Milli Q) was used in all experiments.

8.2.1 NANOPARTICLE FUNCTIONALIZATION

• DNA-Biotin coated gold nanospheres (AuNP@DNA-Biotin): DNA was
purchased from Biomers GmbH. The DNA-sequence for the Biotin-DNA-
SH was CCC TTT AAC CCC TTC TTC ATC GAG AGT GTA GTC GGG
GGT TTT TTT dissolved in TE-Buffer to a final concentration of 200 µM.
The nanoparticle functionalization was carried out modified from a pub-
lished procedure. [118] I mixed 500 µL of AuNPs (60 nm, BBI) with a
DNA-mixture consisting of 10 µL 100 µM short DNA-SH (T10) and 0.5 µL
200 µM Biotin-DNA-SH. After 30 min of incubation, I added 10 µL Sodium-
Citrate-Buffer (500 mM, pH = 3.0) and incubated overnight at room tem-
perature. The particle were washed three times with TE-Buffer by cen-
trifugation (7000 g, 5 min).

• Streptavidin coated gold nanospheres (AuNP@Streptavidin): 500 µL of
AuNPs (60 nm, BBI) were centrifuged (7000 g, 5 min) and the supernatant
removed. I prepared a solution containing 50 µL of 1 mg/mL strepta-
vidin and 50 µL of 0.3 mM DTSSP (3,3´- Dithiobis(sulfosuccinimidylpro-
pionate)) in phosphate saline buffer (PBS). After 30 min of incubation, I
desalted the solution in a desalting column and added to the AuNPs pel-
let. This solution was mixed incubated overnight at 4 °C. To remove the
excess of streptavidin, I washed the AuNPs twice with 400 µL of Milli-Q
water (by centrifugation as described above) and stored at 4 °C until use.

8.2.2 DIMER FORMATION

I assembled a microfluidic flow cell from glass slides that were pegylated and
biotinylated as described. [119] I immobilized the diluted AuNP@Streptavidin
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(in TE-Buffer) in the flow cell and incubated with the AuNP@DNA-Biotin (in
TE-Buffer) for 1 h. The extra nanoparticles were removed with TE-Buffer.

8.2.3 MEASUREMENT CONDITIONS

The spectral position of the dimers in TE-Buffer was recorded in a dark-field
microscope. [27] Next, a solution containing 100 µM of target-DNA in TE-Buffer
was flushed for 5 min and the spectral position was recorded again.
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8.3 POTASSIUM TRIGGERS A REVERSIBLE SPECIFIC STIFFNESS

TRANSITION OF POLYETHYLENE GLYCOL

If not specified, all the chemicals and reagents were purchased with analytical
grade from Sigma-Aldrich or Merck. Deionized water from a Millipore system
(> 18 MΩ, Milli Q) was used in all experiments.

8.3.1 NANOPARTICLE SYNTHESIS AND CHARACTERIZATION

We performed the gold nanoparticle (AuNP) preparation as described in ref-
erence [100] with minor modifications. The process has four steps: first seeds
are prepared, then grown to a size of 10 nm, then further grown to a larger
size, and finally etched down to the desired size. Gold seeds: We added 50 µL
of a 0.05 M HAuCl4 solution to 5 mL of a 0.1 M CTAC solution, then injected
200 µL of a freshly prepared 0.02 M NaBH4 solution under vigorous stirring.
After 5 min, we diluted the mixture 10 times with 100 mM CTAC. To grow
AuNPs with 10 nm diameter, we added 900 µL of the gold seeds (prepared as
described above) and 40 µL of 0.1 M ascorbic acid to 10 mL of 25 mM CTAC
solution. Then, we injected 50 µL of 0.05 M HAuCl4 under vigorous stirring.
AuNP growth: We mixed 200 µL of 10 nm AuNPs and 400 µL of 0.1 M ascorbic
acid with 100 mL of a 25 mM CTAC solution. Then, we added 50 µL of a 0.05 M
HAuCl4 solution under stirring. This growth solution was left undisturbed for
1 h. Oxidative etching: We used oxidative etching to smooth the nanoparticle
surface, make them more spherical and decrease the degree of polydispersity.
[100] We injected 100 µL of a dilute NaClO solution (1.5 wt% of available chlo-
rine) under stirring and then left undisturbed for 30 min. The 10 nm AuNP
were grown into the final nanospheres as described in reference [100] using the
growth and etching solutions described above.
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Figure 8.2: Nanoparticle Synthesis. a.) Extinction spectrum measured in a con-
ventional optical spectrometer for UV, VIS and NIR wavelength before and after
the etching process. The final nanospheres showed a plasmon wavelength cen-
tered at 532 nm. b.) Distribution of the plasmon resonance wavelengths of sin-
gle particles immobilized on a flowcell surface (in water). The distribution (of
around 1000 nanoparticles) shows a Gaussian distribution around maximum at
λmax = 561 nm with a scattering of about±9 nm around this value (standard de-
viation). c.) Transmission electron microscopy image of the gold nanoparticles
used in this work. These nanoparticles have a mean diameter of 52 nm± 2 nm
(standard deviation). Figure included in the manuscript accepted as [51].

8.3.2 NANOPARTICLE FUNCTIONALIZATION

• PEG-Biotin coated gold nanospheres (AuNP@PEG-Biotin): I centrifuged
500 µL AuNPs (7000 g, 5 min), removed the supernatant and resuspended
the pellet in 100 µL freshly prepared 2 mM PEG solution (mix of Thiol-
PEG-Biotin with 3317 Da and Thiol-PEG-OMe with 1981 Da (5 : 95 molar
ratio), Iris Biotech GmbH). I incubated the mixture for 2 h at room tem-
perature under stirring. I repeated the process and incubated overnight at
4 °C. To remove excess of Thiol-PEG-Biotin, I washed the AuNP@PEG--
Biotin twice with 400 µL of Milli-Q water (by centrifugation and resuspen-
sion as described above) and stored the particles at 4 °C until use.

• Streptavidin coated gold nanospheres (AuNP@Streptavidin): 500 µL of
AuNPs were centrifuged (7000 g, 5 min) and the supernatant removed. I
prepared a solution containing 50 µL of 1 mg/mL streptavidin and 50 µL
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of 0.3 mM DTSSP (3,3´- Dithiobis(sulfosuccinimidylpropionate)) in phos-
phate saline buffer (PBS). After 30 min of incubation, I desalted the solu-
tion in a desalting column and added to the AuNPs pellet. This solution
was mixed incubated overnight at 4°C. To remove the excess of strepta-
vidin, I washed the AuNPs twice with 400 µL of Milli-Q water (by cen-
trifugation as described above) and stored at 4 °C until use.

8.3.3 DIMER FORMATION

The microfluidic flow cell was first washed with ‘Hellmanex II special cleaning
concentrate’ and then rinsed with 1 mL of Milli-Q water.

I flushed AuNP@PEG-Biotin through the flow cell for 3–4 min. For their
immobilization on the flow cell surface, I used a 1 M NaCl solution. Then, I
passivated the glass-surface for 10 min with a mixture of ‘superblock’ (Pierce)
and conjugation buffer (2.5 mM Tris-HCl pH 7.5, 0.25 mM EDTA, 0.5 M NaCl,
0.025 % Tween 20) in a 60 : 40 ratio. After the passivation, I injected a solution
containing AuNP@Streptavidin in a 60 : 40 mixture of superblock and conju-
gation buffer into the flow cell and incubated for 10 min. I removed unbound
particles by rinsing 10 minwith a 60 : 40 mixture of superblock and conjugation
buffer.

8.3.4 DIMER SKETCH

We use the curvature of the nanoparticles, the approximated diameter of strep-
tavidin (5 nm) and PEG (12 nm) [50] to rationalize that the chance of finding a
particle dimer connected by two PEG molecules is very low. A sketch of the par-
ticle gap is shown in Appendix Figure 8.3 with the molecules shown to scale.
The sketch shows that steric hindrance is the main factor preventing multiple
linkers - in accordance to previous experiments with bi-functional PEG mixtures
in our group. [101]
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Figure 8.3: Sketch of a particle dimer linked with a single PEG molecule
(approximately to scale). The streptavidin molecule is shown in orange, the
PEG molecule in blue. Figure included in the manuscript accepted as [51].

8.3.5 MATLAB SCRIPT FOR SPRING CONSTANT EVALUATION

The evaluation of spring constants as shown in Figure 5.2 and Figure 5.3 was
carried out with a MATLAB script (see Appendix Figure 8.4).
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Figure 8.4: MATLAB script for spring constant evaluation. Input parameter is
a vector containing the relative Intensity Irel and output is the spring constant k
and the coefficient of determination (goodness of fit) r.
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8.3.6 SINGLE MOLECULE DIMER

Figure 8.5: Controls regarding particle size effects. a.) Spring constants ob-
tained as function of the resonance wavelength of the nanoparticle dimer λres.
b.) Spring constants as function the maximum intensity of the nanoparticle
dimer. In both cases (a, b), the contracted and expanded state are clearly distin-
guishable. Since resonance wavelength and maximum intensity are both func-
tions of the nanoparticle size, the absence of any trend in ‘a’ and ‘b’ shows that
the particles themselves do not influence the spring dynamics of the equilib-
rium fluctuations. Figure included in the manuscript accepted as [51].
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Figure 8.6: Control regarding the possible formation of double linkers.
a.) Spring constant values obtained with plasmon rulers containing 0.5 % PEG-
Biotin and 5 % PEG-Biotin for 0.1 mM and 10 mM K2SO4 yield the same values.
b.) Dimer efficiency for 5 % PEG-Biotin is three times higher than for 0.5 %
PEG-Biotin. Both results together indicate that there is indeed one linker. If
there were multiple linkers, the graph in ‘a’ should show different values and
the graph in ‘b’ should show more or less equal efficiencies. Figure included in
the manuscript accepted as [51].
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8.3.7 CONTROL AND REAL DIMERS

Figure 8.7: Control and real dimers. a and c: Two representative spectra of
two different nanoparticle plasmon rulers. Dots represent the measured data,
the blue line shows the best fit to a double Lorentzian. b and d: Timetraces
corresponding to the plasmon rulers shown in ‘a’ and ‘c’, respectively. The
clear/dark regions correspond to an environment with 0.1 mM / 10 mM K2SO4,
respectively. On the right side of the panels, the histogram shows the total time
spend in each configuration. In ‘b’, the PEG molecule shrinks at higher salt
concentrations and expands again at lower salt concentration. This process is
fully reversible for more than 10 changes. d.) The timetrace of this dimer does
not react on salt concentration changes, most likely because the second particle
attaches to the surface as well. I refer to such dimers as ‘control dimer’ because
it is useful to estimate our setup noise. Figure included in the manuscript ac-
cepted as [51].
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8.3.8 INTRINSIC VISCOSITY MEASUREMENTS

Figure 8.8: Intrinsic viscosity measurements. a.) Huggins plot representing
the specific viscosity as function of the PEG concentration at the K2SO4 con-
centrations indicated in the inset (mM). From this plot we obtained the spe-
cific intrinsic viscosity values which are plotted in the Figure 5.3C of Section 5.
b.) Huggins constant ‘kH’ as function of the salt concentration. Thermodynam-
ically, the situation described here (and in Figure 5.3C of Section 5) correspond
to a ‘deterioration’ of the water quality (as solvent) by the presence of K2SO4.
This situation is revealed by the dependence of the Huggins constant on the salt
concentration: As the solvent power gets worse, kH increases because polymer
segments are progressively forced to move conjointly (‘pull along effect’). [120]
Figure included in the manuscript accepted as [51].

8.3.9 MOLECULAR DYNAMICS SIMULATIONS

The program NAMD9 and the charmm27 force field [121, 122] with the exten-
sion for PEG [123] was employed in our simulations. ‡‡ We modeled water
with the help of Tip3p. [124] Across the simulations, each of the integration
time steps was 1 f s long. Periodic boundary conditions were set for our simu-
lations. We carried out the simulations using periodic boundary conditions. We
provided constant pressure and temperature at 1 atm and 300 K, respectively,
during the simulations using the Langevin piston algorithm and Langevin ther-
mostat. [125, 126] For the non-bonded interactions, we employed a cutoff of

‡‡The simulations were conducted by Dr. Giovanni Settanni and Prof. Friederike Schmid (In-
stitute of Physics, University of Mainz) and are presented in the manuscript accepted as [51].
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1.2 nm with a switch function. Long ranging electrostatic interactions could be
approximated with the smooth particle mesh Ewald (PME) [127] method with
a grid spacing of about 0.1 nm. The cubic box was 7.2 nm long containing water
molecules and a PEG molecule (H − [O− CH2 − CH2]n −OH, with n either 18
or 36). The respective PEG molecules were placed in three different systems:
one with no ions, one including 0.15 M NaCl and one including 0.15 M KCl.
Employing the steepest descent algorithm, we could minimize the complete
systems individually for 10000 steps. After equilibrating the systems at room
temperature and pressure for 1.0 ns, we carried out replica exchange molecular
dynamics with solute tempering (REST2). [128, 129] Each replica ran for 100 ns
with a total of 10 replicas where the temperature of PEG (the solute), varied
between 300 and 650 K with replica swap attempts every 1 ps. We analyzed
the replica with the lowest temperature. In this way, we ensured an efficient
sampling of the conformational space of PEG. The convergence criterion was
reached with our determined replica swap acceptance rates of 25 to 50 % for
PEG18 and around 20 % for PEG36, resulting in a uniform distribution of the
10 walkers over the 10 temperatures. The analysis was carried out with the
help of the programs VMD and WORDOM. [130, 131] With these programs, we
were able to extract the radius of gyration, the radial distribution function of
the oxygen atoms of PEG and the ions, the persistence length and the number
of contacts between ions an PEG.

Table 8.1: Average radius of gyration (in nm) of PEG 18 and PEG 36 obtained
by molecular dynamics simulations in water, 150 mM K+ and 150 mM Na+.

H2O c(Na+) = 0.15 M c(K+) = 0.15 M

r(PEG18) / nm 8.72 ± 0.02 8.77 ± 0.03 8.52 ± 0.03

r(PEG36) / nm 12.84 ± 0.08 12.53 ± 0.10 12.34 ± 0.15
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8.4 HSP90’S CONFORMATIONAL CYCLE HAS THREE DECAY

CHANNELS

If not specified, all the chemicals and reagents were purchased with analytical
grade from Sigma-Aldrich or Merck. Deionized water from a Millipore system
(> 18 MΩ, Milli Q) was used in all experiments.

8.4.1 NANOPARTICLE FUNCTIONALIZATION

• AuNP@PEG-Biotin. 500 µL AuNPs (60 nm, BBI) were centrifuged (7000 g,
5 min), the supernatant removed and the pellet resuspended in 100 µL
freshly prepared 2 mM PEG mixture (Thiol-PEG-OMe 2 kDa, Thiol-PEG-
Biotin 3 kDa, Thiol-PEG-NH2 3 kDa in a ratio of 87 : 10 : 3, Iris Biotech
GmbH) solution and incubated for 2 h at room temperature. To remove the
excess of Thiol-PEG, I washed the AuNP@PEG-Biotin twice with 400 µL
of Milli-Q water and stored at 4 °C until use.

• AuNP@PEG-NH2.500 µL AuNPs (60 nm, BBI) were centrifuged (7000 g,
5 min), the supernatant removed and the pellet resuspended in 100 µL
freshly prepared 2 mM PEG mixture (Thiol-PEG-OMe 2 kDa, Thiol-PEG-
NH2 3 kDa in a ratio of 97 : 3, Iris Biotech GmbH) solution and incubated
for 2 h at room temperature. To remove the excess of Thiol-PEG, I washed
the AuNP@PEG-NH2 twice with 500 µL of Milli-Q water and stored at
4 °C until use.

8.4.2 DIMER FORMATION

For assembling our microfluidic flow cell I used glass slides that were pegylated
and biotinylated as described. [80] I flushed the flow cell with streptavidin
solution (250 µg/mL in PBS) for 15 , min and rinsed with PBS.

I immobilized a diluted AuNP@PEG-Biotin solution (in PBS) and rinse with
PBS. The immobilized particles were reacted with 1 mM SMCC (succinimidyl
4-(N-maleimidomethyl)cyclohexane-1-carboxylate) in PBS pH = 7.4 for 30 min
and rinsed with PBS pH = 6.7. Next, a solution containing 0.24 nM Hsp90
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and 200 nM TCEP (tris-(2-carboxyethyl)-phosphin) in PBS pH = 6.7 was in-
cubated in the flow cell and the immobilized particles were rinsed again with
PBS pH = 6.7. Meanwhile, AuNP@PEG-NH2 has been incubated for 20 min
with 1 mM SMCC, and washed four times with water by centrifugation. After
the last round of centrifugation, the pellet was resuspended in PBS pH = 6.7
and introduced into the flow cell for 30 min. Unbound particles were removed
by HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (40 mM
HEPES, 50 mM KCl, 50 mM MgCl2, pH = 7.4).

8.4.3 MEASUREMENT CONDITIONS

First the thermal fluctuations of HSP90 in the apo-state were investigated by
recording a timetrace in HEPES buffer. Next, 2 mM AMP-PNP (β, γ-imido-
adenosine 5´-triphosphate) in HEPES buffer was flown for 10 min and another
timetrace of this configuration was recorded. Timetraces under ATP-conditions
were recorded in the presence of 5 mM ATP (adenosine triphosphate) in HEPES
buffer.

8.4.4 UNSPECIFIC BINDING OF HSP90 TO DNA-LINKERS

Figure 8.9: Unspecific binding of Hsp90 to DNA. Shift in resonance wave-
length for individual nanoparticles (each cross) functionalized with DNA incu-
bated with Hsp90 (a) or Hsp90 coupled to complementary DNA (b). Hsp90 can
not be washed off indicating unspecific binding.
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8.4.5 SETUP PERFORMANCE

Figure 8.10: Setup performance. a) Short piece of a time-trace recorded at
20 ms of a non-fluctuating dimer (blue dots). The intensity varies around 0.59 %
around its mean value. b) This intensity variation translates to an error in the
interparticle distance of about 1.7 Å (assuming pure setup noise) Reducing the
time resolution to 1.2 s (pink line in a) reduces the intensity variations to 0.33 %,
enough to record 1 Å conformational changes in the linker. c) Typical example
of a long timetrace (24 h), again for a non-fluctuating dimer. The pink line shows
that the intensity variations on a 10 min (average 30000 data point) timescale is
about 1 %, which implies that slow conformational changes need to be larger
than 3.2 Å to be resolved.

Our realization of the plasmon ruler technique (setup development by Sirin
Celiksoy and Weixiang Ye), even if many orders of magnitude improved from
previous work, has not yet reached the maximum possible observation band-
width. There should be no fundamental limit for the total observation time ex-
cept for the lifetime of the molecule under investigation and the patience of the
observer. On the other extreme, the speed of data acquisition is fundamentally
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limited for two different reasons (besides technical limitations due to readout
and data transfer speed): One limit is that conformational dynamics faster than
the diffusion time of the sphere cannot be measured. In our case, this time reso-
lution would be0.1 µs (calculated for a distance change ∆x of 1 nm and a spheres
of 60 nm diameter). The other limit is the heating associated with the increase
of illumination power necessary to yield an equivalent signal to noise ratio as
in our measurements. I calculate the temperature increase ∆T for a sphere with
a radius of r = 30 nm and an absorption cross section of cabs = 1.5 � 10−14m2

immersed in water with a thermal conductivity κ = 0.591Wm−1K−1 with our
laser intensity I = 1.1 � 104Wm−2 with the following formula: [114]

∆T = cabs · I/4πκr (8.1)

If I tolerate a temperature increase of 1 K, I could reduce the time to about
7 µs. Technical improvements like a more efficient light collection, detectors
with higher quantum yield, or lower read-out noise could reduce this time fur-
ther. Both calculations indicate that with sufficiently fast detectors, protein con-
formational dynamics should be possible to observe with µs time resolution.
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8.4.6 ADDITIONAL HSP90 TIMETRACES MONITORED FOR 24 HOURS

Figure 8.11: Additional Hsp90 Timetraces Monitored for 24 Hours. a) Exem-
plary 24 h timetrace with a long dwell (12 h) of Hsp90 in its closed conformation
with a zoom-in of both parts of the timetrace: locked conformation (pink) and
fluctuations (blue). b) Exemplary 24 h timetrace with a long dwell (6 h) of Hsp90
in its open conformation with a zoom-in of both parts of the timetrace: locked
conformation (pink) and fluctuations (blue).
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8.4.7 MEASUREMENT CONTROL

It has been assumed, that Hsp90 inhibited with the slowly hydrolyzable AMP-
PNP is locked in the closed conformation. Since I can now record longer dwell
times (above FRET-cutoff) with plasmon rulers, it is possible to characterize this
inhibition with decay times. In Appendix Figure 8.12B and Appendix Table 8.2,
I show how far the equilibrium is shifted by AMP-PNP: The second decay time
of the closed state in the locked-configuration is 30 times bigger than it would
be in apo-condition. The inhibition with AMP-PNP increases the energy barrier
by 3kBT (calculated by ∆G∗ = kBT · ln (A · τ), where A is approximated to A ≈
108s−1). [132]

Figure 8.12: Inhibition of Hsp90 with AMP-PNP. a) Timetraces of the same
dimers as in Figure 6.4 that have been incubated with AMP-PNP (known to in-
hibit transitions) monitored for 40 min with 10 f ps. b) Cumulative dwell time
distribution for the closed state under apo-conditions (red) and inhibited condi-
tions (violet). Dwell times are extracted as shown in Figure 6.2B. The dwell time
distribution is approximated with a double-exponential decay function (lines in
the corresponding colors) from which two mean dwell times for each confor-
mation are extracted (dashed lines in the corresponding colors). The inhibition
caused a prolonged stay in the closed conformation.
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Table 8.2: Decay times of Hsp90 obtained by plasmon rulers compared to
FRET.

open closed

FRET PR FRET PR

apo
τ1 / s 1.45 ± 0.04 1.45 ± 0.01 0.85 ± 0.03 0.90 ± 0.01

τ2 / s 10.4 ± 0.6 15.0 ± 0.1 8.2 ± 0.2 5.9 ± 0.3

AMP-PNP
τ1 / s - 0.9 ± 0.7 - 12 ± 8

τ2 / s - 2 ± 3 - 153 ± 11

ATP
τ1 / s 0.79 ± 0.05 1.76 ± 0.02 1.54 ± 0.04 0.28 ± 0.01

τ2 / s 5.46 ± 0.15 6.50 ± 0.08 20.6 ± 10.5 1.25 ± 0.02

135



8 APPENDIX

8.4.8 DWELL TIMES ARE STATISTICALLY DISTRIBUTED

Figure 8.13: Statistical distribution of the dwell times. Each dwell time is
represented against its successive value showing random distribution for the
open (a) and closed (b) conformation.
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8.4.9 HETEROGENEITY WITHIN HSP90 POPULATION

Figure 8.14: Thermal dwell times of Hsp90 for individual plasmon rulers.
Cumulative dwell time distribution for open state (blue) and closed state
(red) for individual plasmon rulers (mean of the four plasmon rulers shown
in Figure 6.5B). The dwell time distribution is approximated with a double-
exponential decay function (lines in the corresponding colors) from which two
mean dwell times for each conformation are extracted (dashed lines in the cor-
responding colors).
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Table 8.3: Decay times of Hsp90 obtained by individual plasmon rulers.

open closed

τ1 / s τ2 / s τ1 / s τ2 / s

PR 1 1.40 11.1 0.91 7.66

PR 2 1.53 18.8 0.84 5.38

PR 3 1.39 15.7 0.92 5.34

PR 4 1.43 15.2 0.90 5.43

all 1.45 15.0 0.90 5.90
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8.4.10 SIMULATED DWELL TIME DISTRIBUTION

Figure 8.15: Comparison of experimental and simulated dwell time distribu-
tion. The experimental dwell time distribution is shown as pink dots and the
dwell times from a 7-day simulation is shown as blue line for the closed (a) and
the open state (b). The observed trends agree.
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8.4.11 STIFFNESS OF HSP90

I have described the kinetic transitions between the two global conformations,
namely an open and a closed conformation. However, these global conforma-
tions depend on local dynamics within the respective global conformation. For
Hsp90, it has been proposed that the closed conformation is rigid, but the open
conformation might consist of an ensemble of several minor sub-conformations
with fluctuations in the order of 2.5 nm. [60]

A bigger ensemble of sub-conformations in one global conformation would
result in a wider distribution of extension profiles. This is inherent in our data
because I can analyze the distance fluctuations within a global conformation.
These fluctuation can then be quantified using the approach explained in Sec-
tion 5. Briefly, I convert the fluctuation amplitude of the intensity signal to an
extension potential that can be described by a Hookean function.

Since I have two global conformations, I first need to separate the fluctua-
tions corresponding to each state. I perform this by using the threshold calcu-
lated by the Matlab function ’pulsewidth’ (see Appendix Figure 8.16A,B).

For obtaining the fluctuations of the closed state, I delete all frames below
the threshold (confer to red timetrace in Appendix Figure 8.16B) and for the
open state (blue timetrace) I delete all fluctuations above the threshold. Strik-
ingly, there are no extensions of Hsp90 in our timetrace in between the two
global conformations confirming our model.

The corresponding extension potentials of the two conformations are shown
in Appendix Figure 8.16C. Indeed, I clearly see, that the potential of the open
conformation (blue) is wider than that of the closed conformation (red). Thus,
the closed conformation is the stiffer conformation as expected. The stiffness
constants for four individual Hsp90 proteins are extracted by parabolic fits to
the individual potentials (see Appendix Figure 8.16D). Quantitatively, the spring
or stiffness constant for Hsp90 is 12.7± 0.2 pN/nm in open conformation and
18.8± 0.4 pN/nm in closed conformation.
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Figure 8.16: Stiffness for Hsp90’s closed and open conformation. a) Timetrace
of a fluctuating dimer. b) The extension fluctuations within each conformation,
closed (red) and open (blue), are cut in two separate timetraces. c) Interparti-
cle potential φ as a function of fluctuation (extension) around the equilibrium
value. The values extracted from the probability functions for the particle sep-
aration are shown as dots, open conformation in blue and closed conformation
in red. The measured values (dots) clearly follow two different trends as indi-
cated by the fitted parabolas (lines in the corresponding colors). d) The spring
constants calculated from the cut timetraces shown in ‘b’ for the two conforma-
tions measured on four individual plasmon rulers are shown as crosses. Their
mean value solid is represented by a black dot with error bars corresponding to
the error of the mean. Hsp90 sketch adapted with permission from [60].
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