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SUMMARY 
 Biopolymers such as proteins and nucleic acids participate in many 
biological mechanisms such as catalysis, gene expression or DNA recombination. 
To execute their function biomolecules fold into their characteristic three-
dimensional structures. Folding and refolding of biopolymers are crucial ways of 
regulating biological activity and have an essential role in biomolecular 
recognition. The life-time of a conformational state is typically seconds or longer, 
but the transition between two conformations occurs on microsecond timescales. 
The folding mechanisms are heterogeneous therefore resulting in a broad 
distribution of (un)folding pathways and pathtimes which cannot be observed 
in ensemble studies without synchronization. Therefore, the single-molecule 
sensitivity is essential to resolve unsynchronized processes as molecular folding 
and explore molecule-to-molecule differences. Full-atom simulations have 
predicted the folding mechanism and speed, however direct experimental proof of 
these predictions has not been given yet. Techniques as optical tweezers or atomic 
force microscopes require micron-sized beads or cantilevers applying external 
force on a molecule and thus precluding microsecond timescales. Traditional 
force-free molecular ruler based on Förster resonance energy transfer (FRET) 
on single molecules remains a formidable challenge due to the photophysics of 
fluorescent labels. 

In this thesis, we propose a different approach based on plasmonic particles to 
probe biomolecular folding on microsecond timescales and at zero-force 
conditions. A small gold nanosphere is tethered to a larger gold particle by 
a molecule of interest, which herein is single stranded DNA (ssDNA) sequence 
forming a hairpin structure. The conformational change of the molecule modulates 
the interparticle distance resulting in a shift of the plasmon resonance. Plasmon 
rulers require no specialized equipment but can be probed on existing dark-field 
microscopes equipped with a fast camera. The layout of the thesis is as follows: 

i. In the first part of the thesis we study the functionalization of gold 
nanorods with thiolated ssDNA at the single-particle level. We exploit the 
sensitivity of the plasmon resonance to the local refractive index induced 
by ssDNA binding using single-particle spectroscopy. We find that the 
ssDNA coverage varies considerably from particle-to-particle, beyond the 
expected variation due to Poisson statistics. Interestingly, the 
functionalization process itself is unexpectedly heterogeneous and we 
report rate constants varying by almost an order of magnitude from 
particle-to-particle. This strong heterogeneity could not be explained by 
the particle size dispersion alone. Instead, we attribute the dominant origin 
of the kinetic heterogeneity to variations in the effective charge on the 
particle surface. 

ii. In part two we further explore the process of nanoparticle 
functionalization using quantitative single-molecule interaction kinetics 
to count the absolute number of ligands on the surface of individual 
particles. By analysing the waiting-time between single-molecule binding 
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events we quantify the particle functionalization both accurately and 
precisely for a large range of ligand densities. We observe significant 
particle-to-particle differences in functionalization which are dominated 
by the particle-size distribution for high molecular densities, but are 
substantially broadened for sparsely functionalized particles. Time-
dependent studies showed ligand reorganization on long timescales 
drastically reducing the heterogeneity, a process that has remained hidden 
up to now in ensemble-averaged studies.  

The work done in first and second part provides an understanding of interactions 
of gold nanoparticles with DNA molecules. The given results yield insight into 
the DNA functionalization process at the single particle level, and highlight that 
significant particle-to-particle heterogeneity has to be taken into account 
in applications of functional particles. Importantly, our work provides a direct 
route for quantification and optimization of coupling protocols. The obtained 
knowledge on ssDNA functionalization was then applied to assemble DNA-linked 
nanodimers to study conformation dynamics. 

iii. The third part of the thesis focuses on a numerical study combining 
Brownian dynamics with electromagnetic simulations to model the 
optical signal of the plasmonic nanoruler. We find that the temporal 
resolution is not limited by shot noise but rather by the diffusion of the 
tether particle that introduces fluctuations of the optical signal. Integration 
times of 1 μs can be achieved, providing the capability to identify 
transition paths at the single-molecule level in real-time. The proposed 
method offers a unique opportunity to study molecular conformational 
dynamics in real-time and compare measurements to full-atom 
simulations, where computational demands limit the simulation time. 

iv. The final part of the thesis focuses on delivering a method 
to experimentally assemble the plasmonic rulers consisting of nanorod-
nanosphere heterodimers interconnected by a ssDNA hairpin. We probe 
the assembly process and the consequential hairpin switching dynamics 
using an optical scattering microscopy on dozens of dimers 
simultaneously with a resolution of tens of milliseconds. We observe 
dynamic behavior that we classify based on the characteristic timescales 
in the autocorrelation function. Further we extract dwell times in the open 
and closed molecular states for individual rulers and found them to be 
exponentially distributed in line with the single-molecule switching 
behavior. Their corresponding mean dwell times show an excellent 
agreement with theoretical predictions for a hairpin with a stem-region of 
10 nt used here. For the right function of the plasmonic rulers it is 
particularly challenging to suppress non-specific interactions between the 
different components in the system, and to obtain yield controlled 
monovalent functionalization of nanoparticles with molecular ligands as 
the current molecular coupling protocols are not yet developed well 
enough.  
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1 INTRODUCTION 

 

1.1 Molecular folding 
 Biomolecules such as proteins and oligonucleotides are the workhorses of 
cellular function[1] as they participate in many biological mechanisms such as 
catalysis, gene expression or metabolism. After expression, these biopolymers 
fold into their characteristic three-dimensional structure, and some undergo 
conformational changes in their folded form in response to temperature, pH, ionic 
strength, or ligand-binding.[2–4]  Good examples are oligonucleotide aptamers  that 
change their conformation upon binding to a ligand and thereby control on-going 
biological reactions.[5,6] Overall, folding and unfolding of biopolymers are crucial 
ways of regulating biological activity[7] and have an essential role in biomolecular 
recognition.[8]  Mechanistic understanding of protein folding and conformational 
dynamics is therefore key to understanding molecular function, and has great 
potential impact in molecular biophysics, biochemistry, and medicine. 

Visualizing molecular folding and unfolding is however a tremendous task since 
these transitions happen on a broad range of timescales and involve nanometre 
length scales.[9,10] Full-atom molecular dynamics (MD) simulations have provided 
structural and dynamic information required to understand the molecular folding 
mechanism and to establish an underlying theoretical background.[11–13] 
Direct experimental proof of the predictions remains however a formidable 
challenge.[11–15] The large gap in timescales that are accessible with MD 
simulations (typically microseconds and shorter) and available experimental 
methods (typically milliseconds and longer) has restricted their direct comparison. 
High computational demands limit MD simulations to reach experimental 
timescales.[16]  In recent years optimization of the code,[17] atomistic potentials,[18] 
and developments in computer hardware[12,19] have enabled microsecond 
simulation times, and thus resolve multiple (un)folding events on several 
proteins.[20] 
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Figure 1.1 shows schematically the diversity of timescales that have been 
extracted from such MD simulations for a range of molecular folding processes. 
One of the most important mechanisms responsible for molecular conformational 
changes is hydrophobic collapse. Unfolded polypeptides randomly collapse to 
shield hydrophobic sites from the surrounding polar solvent (often water). 
The hydrophobic collapse of a molecule happens in the order of 10-100 ns, and 
thus is considered to be the fastest folding-related process.[21] This initial 
molecular collapse due to hydrophobic interactions enables further compaction of 
molecular structure due to electrostatic and van-der-Waals interactions, and 
hydrogen bonds. The interactions result in formation of local structures which 
subsequently transform into secondary structures like ɑ-helices and β-strands. 
This complex conformational reorganization happens at a broad range 
of timescales of 10 ns – 10 μs. Specifically, the formation of a single α-helix was 
directly observed to happen in ∼150 ns using time-resolved infrared spectroscopy 
combined with temperature jump experiments on a protein ensemble.[22,23] 
Reorganization of these secondary-structure elements into their tertiary structure 
is a slower process because breaking of pre-formed bonds is necessary to adopt 
the right conformation of the protein. Frieden et al.[24] found such conformational 
rearrangements at timescales of several microseconds using a combination of 
fluorescence self-quenching and correlation spectroscopy on a molecular 
ensemble. Formation and closure of molecular loops is an important mechanism 
responsible for this reorganization. The closing of loops was indeed found to 
happen at timescales of several microseconds using absorption spectroscopy 
combined with laser-induced denaturation on a solution of proteins.[25] 

Figure 1.1: Scheme showing the timescales associated with the various structural 
events that cooperatively take place in protein folding reactions. Figure adapted
from the reference.[34] 
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The complex molecular transition processes cooperatively enable a biomolecule 
to fold upon itself to produce a specific 3D structure which is capable of 
performing relevant biological functions. From the energy landscape point of view 
the molecular folding can be understood as a two-state barrier crossing process 
(Figure 1.2).[26] The unfolded molecule undergoes a transition over a free energy 
barrier into the folded state with a certain folding rate and passage time.[26] 
Transition path times for proteins are expected to depend on their amino acid 
sequence,[27,28] and increase with the length of their polypeptide backbone.[29–31] 
The same holds for other molecules like DNA and RNA of which transition path 
times are determined by sequence complementarity and length.[32] 

For a barrier-crossing process the folding transitions occur extremely fast but only 
rarely. In general, the energy landscape for molecular folding is funnelled towards 
its native 3D structure but may include local energy minima. This makes the 
folding process heterogeneous, thus an individual unfolded molecule can form its 
biologically active structure by means of many different strings of conformational 
changes (Figure 1.3). Based on this picture biomolecules are thus expected 
to show a broad distribution of folding and unfolding pathways and their 
respective transition times.[33]  

The importance and consequences of the heterogeneous molecular folding and 
conformation on biological processes are yet unanswered questions. Experimental 
progress has been limited due to the heterogeneous nature of molecular folding. 
The life-time of a conformational state is typically seconds or longer, but the 
transition between two conformations involves barrier crossing that occurs on 
microsecond timescales. Considering many individual conformational states of 
a single molecule and thus many possible transition pathways one obtains a broad 
distribution of transition times. 

To experimentally approach molecular transitions the field has relied for many 
years on ensemble measurements, where many molecules are monitored 
simultaneously. The folding transition of each molecule however does not start at 
the same time unless synchronized by an external stimulus like laser-induced 
heating.[34] The following transitions are then usually monitored by differential 
absorption, fluorescence spectroscopy, nuclear magnetic resonance (NMR) or 

Figure 1.2: Schematic of a two-state protein transition barrier-crossing from the
unfolded to the folded configuration. 



4 

surface plasmon resonance (SPR) on timescales of nanoseconds 
to milliseconds.[34] Monitoring an ensemble of molecular transitions however 
yields averaged results without any insight into intramolecular differences. 

Resolving individual (un)folding pathways and their heterogeneity therefore 
requires a single-molecule method that gives access to a broad span of detectable 
timescales. Recent technological advances in single-molecule techniques make it 
possible to study and manipulate molecules one at a time, measure distributions 
of molecular properties, and characterize the kinetics and thermodynamics 
of biomolecular processes and reactions. 

 

1.2 Single-molecule methods to study molecular folding 
  To understand the mechanisms underlying molecular conformational 
transitions, biophysical methods and instruments have been developed that 
provide information on biomolecular structure and biomolecular interactions. 
Starting with ensemble techniques like X-ray diffraction, cryo-electron 
microscopy, Förster resonance energy transfer (FRET), fluorescence 
spectroscopy, SPR or NMR, all of which provided critical information 
on molecular structure, affinities, and biomolecular activity.[35,36] Recent 
technological advances however opened up a possibility to investigate such 
properties on the single-molecule level uncovering yet hidden heterogeneities 
in molecular folding. Before discussing the possibilities offered by plasmonic 

Figure 1.3: Illustration of the predicted heterogeneous molecular folding wherein 
a protein progresses from an unfolded polypeptide (on the left) toward a fully 
folded and functional protein (on the right) via a multitude of possible routes. 
Figure adapted from.[33] 
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nanostructures to probe conformational transitions in Chapter 2, we first 
summarize other biophysical methods that have been developed to tackle this 
challenge. For a detailed overview of these methods we suggest the following 
reviews.[37–41] 

1.2.1 Force spectroscopy 
 Mechanical methods like atomic force microscop (AFM), magnetic, and 
optical tweezers, have established themselves as versatile single-molecule tools 
providing an unprecedented view into biomolecular folding.[38,39,42] In a typical 
experimental arrangement (Figure 1.4) a single molecule is sandwiched between 
a stationary surface and a micron-sized cantilever or bead. Mechanical forces and 
torques are then applied and the displacement of the probes as a function 
of actuation is measured to extract information like folded-state stability 
and binding affinities.[43–45]  

Using AFM (Figure 1.4a), folding processes of small proteins were studied in real-
time with a temporal resolution of microseconds by Perkin’s[42,46–48] and 
Li’s[47,49,50] group and others.[51–53] Large cantilevers however undergo substantial 
hydrodynamic drag when immersed in a solution, complicating the access to these 
short timescales particularly at forces < 10 pN.[54] These effects can be mitigated 
by designing smaller and stiffer cantilevers,[46] providing access to even sub-
microsecond integration times.[55] 

Forces and torques can also be applied using magnetic tweezers (Figure 1.4b). 
Starting with supercoiling of long DNA molecules,[56–58] magnetic tweezers soon 
advanced to detect actuated (un)folding of small proteins[59–61] and short ssDNA 
hairpins.[62] Magnetic tweezers work at similar temporal and force resolutions as 
AFM, however the method allows for multiplexing by wide-field optical 
measuring of multiple beads at time.[63] 

Optical tweezers on the other hand sandwich a molecule between two micron-
sized beads, which are both trapped in a strongly focused laser beam allowing 
precise manipulation and force measurements (Figure 1.4c). This approach 
enables a time resolution of ~5 μs with application of an external force of 
~ 5 – 20 pN.[64] Neupane et al. extracted single-molecule folding pathtimes 
of ssDNA hairpins,[65–68] and misfolded proteins.[65,69–71] These measurements 
directly revealed significant heterogeneity in the (un)folding times.[72–75]  

Although corrections to the presence of a large bead or cantilever in force 
microscopy are being developed[64] the effect of external forces on the transition 
pathways and their respective times remain unclear. Recently Valle-
Orrero et al.[76] showed that proteins under force underwent accelerated ageing 
on timescales of minutes to days. The need to observe molecular folding without 
applying an external force has triggered the development of force-free methods. 
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1.2.2 Electrical methods 
 Electrical probes built around nanowires and carbon nanotubes are 
attractive because they enable real-time measurements without the need to label 
the molecule.[77,78] Such devices are built by multiple nanolithography steps 
to expose a single well-defined spot on the wire for molecular functionalization. 
A single molecule coupled to such a device thus acts as a defect (Figure 1.4d), 
and its (un)folding induces changes in the conductance or capacitance of the 
device.[79–81] Molecular folding was monitored at very short timescales of ~ 4 μs 
without applying any external force. He et al.[79] used silicon nanowires decorated 
by a single ssDNA hairpin (Figure 1.4d), and observed two-level signal 
fluctuations where the individual levels correlate with the folded an unfolded 
hairpin conformations. Survival times of these states are found to be heavily 
dependent on temperature.  

Despite remarkable progress these electrical devices suffer from several 
drawbacks. The effect of electric current on the molecule, as well as the exact 

Figure 1.4: Schematics of single-molecule methods for direct dynamic 
measurements of molecular (un)folding. Mechanical methods including a) AFM,
b) magnetic and c) optical tweezers[65–68] rely on large micron-sized cantilever and
beads and thus an applied force. d) Silicon nanowire decorated by ssDNA hairpin 
detects changes in electrical current induced by ssDNA (un)folding.[79] e) Force-
free smFRET detects energy transfer between fluorescent labels, which changes 
with inter-dye distance as the protein (un)folds.[100] f) Protein induced DNA 
looping  changes the contour length of the molecular tether which is read-out from
the position and motion of the tethered bead.[118] 
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detected molecular property are not well understood yet.[77,78] Moreover, 
interference from charged species in solution restricts their usage in biological 
environments.  

1.2.3 Single-molecule fluorescence 
 The most-used force-free method to probe molecular folding is single-
molecule Förster Resonance Energy Transfer (smFRET). Here, a “donor” and 
“acceptor” fluorophore are employed as a molecular ruler by strategic chemical 
labeling to the biomolecule (Figure 1.4e). If the dyes are spatially close 
(~ 1 – 10  nm), and the emission spectrum of the donor overlaps partially with the 
absorption spectrum of the acceptor, the donor dye engages in non-radiative 
energy transfer to the acceptor dye, producing an acceptor emission signal while 
the donor emission is quenched.[82,83] The distance-dependence of FRET is well-
understood, as the efficiency of the energy transfer scales with 1/d6. This permits 
the real-time monitoring of biomolecular folding providing information on long-
lived transition states and their state lifetimes.[82,83] smFRET has been used 
to monitor molecular (un)folding under force-free conditions and even in living 
cells.[84,85] Moreover, wide-field optical microscopes allow to record thousands of 
single molecules giving the method an excellent throughput.  

Already in late 90’s smFRET was first used to study millisecond folding of 
ssDNA hairpin loops,[86–89] later followed by works on other molecular species 
like aptamers,[90,91] DNA origami,[92,93] and metabolite binding proteins.[94,95] 
Recently, Eaton’s group used smFRET to directly observe microsecond folding 
pathtimes of multiple small proteins,[96–98]  and ssDNA hairpins.[99] Detection of 
short folding pathtimes of ~10 μs was possible only after maximum-likelihood 
analysis of photon-by-photon trajectories[100] averaged over hundreds of single 
molecules.[98] Real-time monitoring is however limited to integration times of 
milliseconds because fluorescence saturation limits the detected photon count rate 
to ~ 10� − 10�  s-1. Moreover high illumination intensities increase the 
probability of photoblinking and photobleaching of the dye, significantly 
complicating signal analysis. Photobleaching also sets the limit of smFRET 
experimental times to only few dozens of seconds. Longer experimental times are 
not possible without refreshing/replacing the fluorophore. 

1.2.4 Tethered particle motion 
 Single-molecule methods exploiting tethered particle motion (TPM) 
emerged in the early 1990’s and provide a means to monitor conformational 
dynamics at short time-scales, without the application of external force, and for 
extended times due to the absence of blinking and bleaching. In these experiments 
a strongly scattering bead is attached to a substrate via a molecular tether, and 
properties of the tether are extracted by analysis of the position and motion of the 
tethered bead.[101] In the earliest experiments, live RNA polymerase activity was 
measured by tethering a 40 nm gold nanoparticle to a coverslip via a single DNA 
sequence, and its blurred motion was observed using differential interference 
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contrast microscopy.[102] Since the 1990’s, TPM has been employed to quantify 
DNA/RNA properties like compaction and persistence length,[103–105] and proved 
to be especially suitable to monitor protein-induced DNA-looping.[106–118]    

TPM in the present day is an effective complementary technique to elucidate 
protein structure and function,[119–121] and has also developed into a promising 
biosensor.[122] Because the signal in a TPM sensor is generated by a modulation 
of the position or Brownian motion of the particle, sensitivities have been limited 
to milliseconds and to conformational changes of  ≥ 10 nm due to the large bead 
size and limited spatial localization precision in an optical microscope.[123–126] 

1.2.5 Accessible timescales 
 In summary, force microscopies like AFM and optical tweezers are well-
equipped at extracting folding kinetic constants, mechanical properties 
and identifying partially-stable folded states. Accessible timescales of mechanical 
methods span over a large range from microseconds to hours, although the 
necessity to exert forces in the pico- to nano- Newton range limits the ability 
to observe the biomolecule under native conditions. Recently emerged single-
molecule devices based on electrical signals offer the unique ability to achieve 
microsecond timescales, although the effects of electrical current on molecules 

Figure 1.5: Common single-molecule techniques, shown as function of applied 
force (in Newtons) versus time resolution. The need of an experimental method 
filling the timescale gap between molecular dynamics and smFRET while still
applying no external force is identified.  
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are not yet understood well. On the other hand, smFRET is certainly one of the 
most utilized force-free single-molecule techniques with well understood signal 
dependencies. However, the photophysical properties of organic fluorophores 
limit the temporal resolution to a few milliseconds, and measurement times to 
a few minutes at best. As non-fluorescent technique TPM allows for theoretically 
infinite measurement times, however its time resolution is limited by 
Brownian diffusion of a large tethered bead.  

In Figure 1.5 we compare all mentioned techniques against each other, focusing 
on the required forces and achievable timescales. There is clearly a need for a 
single-molecule method to probe conformational dynamics with a microsecond 
temporal resolution without the application of an external force. An experimental 
method fulfilling such requirements would enable, in fact, to fill the timescale gap 
that exists between molecular dynamics simulations (<1 μs) and native 
measurements (>1 ms for smFRET), and thus to directly compare experiments 
with theoretical predictions.  

 

1.3 This thesis 
 In this thesis we explore the use of a “plasmonic nanoruler” to probe 
conformational changes on single molecules. In plasmonic nanorulers a strongly 
localized electric field is generated by the proximity of two plasmonic structures, 
for example two nearby nanoparticles or a nanoparticle on a metallic film (NPoF). 
The molecule of interest is tethered between the individual plasmonic structures, 
where its folding induces modulations in spacing between the structures giving 
detectable plasmon shifts.  

We will see that such a nanoruler system indeed mimics a daily used ruler 
nevertheless with the optical response which is highly sensitive to gap spacing 
in the range of 0 – 30 nm. Plasmonic nanoruler systems can be conveniently 
monitored in a standard far-field optical microscope, and do not require any near-
field probes or electrical connects. The high scattering cross section 
of a plasmonic particle warrants photon count rates far exceeding those for single 
fluorescent dyes, while their photostability enables long observation times. Our 
proposed implementation of plasmonic nanorulers will possibly enable: 

i. Observation times of hours: The optical response of plasmonic nanorulers 
does not blink or bleach, enabling observation times that are only limited 
by the stability of the microscope. We will use this capability to probe 
many subsequent transition paths on the same single molecule 
repetitively. 

ii. Real-time measurements: The optical response of plasmonic nanorulers is 
stable, bright and not easily saturated. This, in principle, allows for 
probing plasmon shifts with microsecond integration times, which 
matches the biologically relevant timescales of molecular folding.  
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iii. Force-free method: Using the confined Brownian diffusion of a very 
small particle means no net external force is applied on the (un)folding 
molecule of interest. This will provide the unique opportunity 
to investigate molecular conformational changes at their native 
conditions. 

iv. Medium-range molecular ruler: Similarly to smFRET the plasmonic 
nanorulers resemble a molecular ruler, of which sensitivity spans in range 
of 0-50 nm depending on the dimensions of the employed nanoparticles. 

 

1.3.1 Structure of the thesis 
 In Chapter 2 we summarize the theory behind particle plasmons and their 
hybridization in order to create a plasmonic ruler. We give examples of current 
applications of plasmonic nanorulers and discuss key advances in the field 
in recent years. To be able to practically design a functional plasmonic nanoruler 
system based on DNA-linked nanoparticles we develop several experimental, 
signal processing, and theoretical characterization methods in the following 
chapters. 

In Chapter 3 we study the functionalization of gold nanorods with a thiolated 
ssDNA at the single-particle level. We exploit the sensitivity of the plasmon 
resonance to the local refractive index induced by ssDNA binding using single-
particle spectroscopy. We characterize the kinetics of ssDNA functionalization 
and compare the relative densities of ssDNA on the surface of nanoparticles for 
different chemical conditions.  

As the absolute coating density (i.e. the number of molecules per particle) cannot 
be assessed using plasmon sensing as in Chapter 3, in Chapter 4 we present 
a method based on quantitative single-molecule interaction kinetics to count the 
absolute number of ligands on the surface of individual particles. By analyzing 
the waiting-time between single-molecule binding events we quantify the particle 
functionalization both accurately and precisely for a large range of ligand 
densities. 

The work done in Chapters 3 and 4 provides a quantitative understanding of the 
functionalization of single particles. In Chapter 5 we then investigate the 
performance of the proposed plasmonic nanorulers in terms of the accessible 
length- and time-scales by combing Brownian dynamics simulations with 
electromagnetic modelling. We numerically calculate the trajectory of a tethered 
nanoparticle and the ensuing plasmonic optical signal. These simulations show 
the possibility to reach microsecond integration times and thus monitor transition 
paths in real-time. 

Finally, in Chapter 6 we assemble a plasmonic ruler that will give access to single 
molecule folding by conjugating small nanospheres to a single nanorod using 
a ssDNA hairpin. We observe dynamic behavior which we classify based on the 
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characteristic timescales in the autocorrelation analysis. We further extract the 
dwell times in the open and closed molecular states, and find them to be 
exponentially distributed in line with single-molecule switching behavior. 
Although we clearly detect ssDNA hairpin switching in the signal, it is 
exceptionally challenging to suppress non-specific interactions between the 
different components in the system.  

The thesis is concluded by identifying the main challenges to be yet overcome, 
followed by future prospects. We hope to inspire the reader about the potential of 
plasmonic nanorulers for dynamic single-molecule studies, and critically evaluate 
its advantages and disadvantages compared to other single-molecule techniques. 
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2 OPTICAL PROPERTIES AND
APPLICATIONS OF 
PLASMON RULERS* 

In Chapter 1 we highlighted the biophysical approaches available to 
probe conformational dynamics of single molecules. This chapter summarizes the 
development of plasmon rulers following early experiments on tethered particle 
motion mentioned in Chapter 1. It gives a brief theoretical overview of the optical 
properties of plasmon rulers, and describes recent applications of these systems 
to probe conformational dynamics.  

* Parts of this chapter are included in a review “Plasmonic Assemblies for Real-
time Single-molecule Sensing”, Small, submitted 2020.
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2.1 Introduction 
  The discovery of the strong interaction of noble metal structures with light 
led to the development of an emerging and fast-growing research field, 
plasmonics. The collective oscillations of electrons, so-called plasmons, and their 
coupling with photons gives rise to strong scattering and absorption by these 
particles. Humans have used plasmonics without knowing the underlying 
mechanism from ancient Roman times, where colloidal gold and silver particles 
(Figure 2.1a) were used to color glass. The first scientific report dealing with the 
preparation of colloidal plasmonic particles dates back to 1857 to Michael 
Faraday.[127] Since then a tremendous progress has been achieved in the fabrication 
and manipulation of nanometer-sized objects of various materials, shapes, and 
structures.  

Classically, the metal nanoparticle can be seen as a lattice of heavy positive ions 
and an electron gas composed of free conduction electrons. Driven by an external 
electromagnetic field (light), the conduction electrons shift against the ions 
generating a restoring Coulomb force, resulting in harmonic oscillations of the 
electrons. For particles much smaller than the wavelength of the light, electron 
oscillations are confined by the nanoparticle‘s boundaries and all conduction 
electrons oscillate collectivelly.[128]  

Figure 2.1: Variety of colors of plasmonic nanoparticles. a) Solutions of silver
nanoparticles (nanoprisms) with varying sizes and b) their corresponding
extinction spectra. Figure adapted from.[129] 
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The presence of a plasmon induces a strong interaction of the particle with 
incoming light resulting in a frequency dependent scattering and absorption cross 
section. In addition, a strongly enhanced electromagnetic field in the close vicinity 
of the particle is induced when the particle is illuminated with a wavelength near 
the plasmon resonance. For the most common plasmonic materials – gold 
and silver – the plasmon resonances occur at visible-NIR wavelengths 
of 400 – 1000 nm depending on the shape and size of the particle (Figure 2.1b)[129] 
making them compatible with standard optical microscopes. 

2.2 Optical properties of isolated particles 
 The simplest example to illustrate the physics of a plasmon resonance is 
for a spherical particle in a homogeneous environment (Figure 2.2a). The 
scattering and absorption of light can then be analytically solved using 
Mie theory.[130] An insightful simplification to first order, termed the dipole 
approximation, can be made for nanoparticles much smaller than the wavelength 
of light.[131] The polarizability ( )  of a metallic nanosphere in the dipole 
approximation is given by[128] 

  ( ) = 3 ( )
( ) + 2  , 2.1 

where  is the volume of the sphere,  is the vacuum permittivity, ( ) and  
are the relative permittivities of the metal and of the medium, respectively. 
The extinction cross section then follows from = + , with the 
extinction and scattering cross sections given by[128] 

  = Im[ ] ,  and 2.2 

 = 6 | |  , 2.3 

where  is the wavevector in the medium. 

Importantly, the resonant condition occurs when the real part of the denominator 
is zero (Im[ ( )] = −2 ). While the magnitude of the optical response is volume 
dependent, the frequency of plasmon resonance is (in the dipole approximation) 
determined purely by the nanoparticle material and the dielectric environment, 

, in which it is immersed. For instance, according to the dipole approximation, 
gold nanospheres with diameters between 10 and 50 nm in water exhibit a single 
dipolar plasmonic mode at about 520 nm, whereas the dipolar plasmonic mode for 
silver occurs at about 400 nm.[132–135]  

Interesting behavior arises when we break the particle spherical symmetry by 
elongating the particle into an ellipsoid. In the dipole approximation the broken 
symmetry can be accounted for by incorporating a depolarization factor into the 
polarizability equation.[128] Assuming that the ellipsoid is alligned with the 
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excitation field (i.e. the principal axis frame), the polarizability equation takes 
following shape:[128] 

 

 
Figure 2.2: a) Schematic showing the effect of an incident electromagnetic field 
on the electron cloud in a spherical metal nanoparticle. b) Near-field intensity 
enhancement | | /| |  for a 80 nm gold sphere on a glass substrate (excited at 
560 nm with horizontal polarization, calculated using the boundary element 
method). c) Far-field scattering spectrum for this configuration. d) Schematic 
showing two different plasmon modes, transverse and longitudinal, excited by 
perpendicular polarizations. e) Near-field intensity enhancement for a gold 
nanorod of 55 nm in diameter and 140 nm in length on a glass substrate. The rod 
is excited at 745 nm with horizontal polarization corresponding to the longitudinal 
mode. f) Orientation-averaged far-field scattering spectrum of the gold nanorod. 
The transversal plasmon occurs at 530 nm and the longitudinal is significantly 
red-shifted to 745 nm. 
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 �(�)�,�,� = ���
�(�) − ��

��,�,�(�(�) − ��) + �� . 2.4 

The depolarization factor ��,�,� depends on the ellipsoid ellongation (defined by 
the eccentricity �), and for the ellipsoid ellongated along x-axis is given as 

 �� = 1 − ��
�� � 1

2� ln �1 + �
1 − �� − 1�  ,   �� = �� = 1 − ��

2  . 2.5 

The optical response of a nanorod  therefore exhibits two plasmon resonances 
(Figure 2.2d). The transversal mode is associated with electron oscillations 
perpendicular to the long axis, and the red-shifted longitudinal mode corresponds 
electron oscillations along the long axis.[128] In the small-particle limit the 
resonances are again independent on particle volume, however the longitudinal 
resonance strongly depends on the nanorod‘s aspect ratio (�� = 1 � ).[136,137] 
This strong dependence of the longitudinal plasmon wavelength on aspect ratio 
allows one to tune the resonance to the near-infrared, away from 
the interband transitions in gold.[138] This results in a reduction of Ohmic losses 
and thus a higher quality factor and stronger near-field enhancement, as illustrated 
in Figure 2.2.[139,140] 

As seen intuitively in Equations 2.1 and 2.4 the optical response of a plasmonic 
particle is determined by the particle material and shape, but also by 
the dielectric function of the local environment.[131,141] This originates fom the fact 
that the near-field associated with the plasmon penetrates the medium near the 
particle (Figure 2.2b,e) and induces polarization charges. This makes the plasmon 
resonance not only sensitive to the presence of biomolecules[142] [143] but 
also results in a strongly modified optical response when a second particle 
or a polarizable interface is nearby. These assemblies exhibit substantially larger 
near-field enhancements in the gap region, and the coupling between the structures 
induces large (gap-spacing dependent) modulations of the optical response. 
In the next section we describe the optical properties of these assemblies 
of particles and summarize how they have been used as a ruler.  

2.3 Optical properties of plasmon rulers 
 A pair of small spherical nanoparticles immersed in a homogeneous 
medium with dielectric constant ��  can be approximated analytically using 
the electrostatic approach. Following the notation in Gluodenis et al.[144] 
the particles are considered oscillating point dipoles with a given center-to-center 
distance �.[144] In such a case, the electric dipole moments of individual particles 
in their respective local electric fields ��⃗�,� are given by �⃗�,� = ��,�����⃗�,�, where 
��,�  are the polarizabilities of nanoparticles. As �  increases to infinity, ��⃗�,� 
approaches the incident light field ��⃗ � . If the particles are in close proximity, 
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the electric field felt by one nanoparticle depends on both the incoming field 
and the field arising from the second particle. The total polarizability of the pair 
of spheres �� is then given as 

 �(�)� = ������⃗ + ������⃗
������⃗ ��

= 

2.6  
=
��(�) �1 + ��(�) �

��� + ��(�) �1 + ��(�) �
���

1 � ��(�)��(�) � ����
�  . 

In this approximation, the value for � is derived from the dimer‘s orientation 
in the polarized excitation field (see values of �  in Figure 2.3a) and identify 
the bonding or anti-bonding modes.[144–146] Coupling the dipoles in phase results 
in a strong near-field enhancement and far-field radiation, whereas coupled 
dipoles oscillating in quadrature result in zero net-dipole moment for a pair 
of  qual particles. It is works by the Nordlander, Stockman, and García de Abajo 
groups, to name a few,[131,146–149] that have shown this plasmon hybridization can 
be understood similarly to molecular orbitals.  

It is important to emphasize that the electrostatic approach neglects multipole 
plasmon modes.[144] Additionally, the plasmon hybridization between particles 
of different shapes is more complicated and often numerical methods are essential 
in their understanding. Methods for numerical calculation of electromagnetic 
fields, such as finite-difference time-domain (FDTD),[152–154] discrete dipole 
approximation (DDA),[155,156] and boundary element method (BEM),[150,151,157,158] 
are well developed for plasmonics, are available as commercially accessible 
toolboxes, and have been reviewed extensively before.[159,160] 

In close analogy to a metal particle dimer, a particle on a metallic film exhibits 
similar optical features. Strongly enhanced near-fields are also generated 
in the gap between the particle and the surface leading to large spectral 
shifts that depend on the particle-film spacing.[131,161] The close proximity of 
a highly-polarizable metal substrate breaks the symmetry of the dielectric 
environment surrounding the nanoparticle, and the particle plasmon couples to the 
free electrons in the metallic film. This results in a “mirror“ image dipole in the 
film,  thus inducing additional plasmonic modes (Figure 2.3d-f).[131,161–163] 
Research groups have modeled these NPoF systems via the same numerical 
methods (i.e. – BEM and FDTD), and it has also been described using a circuit 
model.[164]The strong dependence of the optical response on the gap spacing has 
sparked practical applications of plasmonic dimers as a molecular ruler, 
similar to biophysical uses of FRET. Whereas a classical FRET molecular 
ruler follows a 1/d6 distance dependence, the distance dependence of plasmonic 
coupling follows ~1/d3 for both the nanoparticle and NPoF systems considered 
here (Figure 2.4). This allows the molecular ruler based on plasmonic 
nanostructures to be applied to longer distances of up to ~ 30 nm. The Baumberg 
and Smith groups have demonstrated this ruler-like spacing dependence 
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Figure 2.3: a) Scheme of particle plasmon hybridization in a homodimer 
of spheres, and the corresponding energy levels. b) Near-field intensity
enhancement near a pair of 80 nm gold spheres separated by 5 nm excited at 
650 nm with horizontal polarization. c) Far-field scattering spectra for the pair 
of gold spheres separated by 5 and 50 nm. d) Scheme of plasmon hybridization 
for a spherical particle above a metal film. The particle plasmon induces a mirror 
image in the metal film giving two distinct modes depending on incident
polarization. e) Near-field intensity enhancement for a gold sphere above a gold
film (thickness of 45 nm) excited at 615 nm at an angle of 70°. f) Scattering
spectra for the sphere above the gold film for nanorulers of 5 and 50 nm. 
All examples shown in this figure are numerically calculated using the boundary 
element method.[150,151] 
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in NPoF systems. In these studies, the gap spacing was created with polymer 
layering,[165,166] molecular spacers with precise carbon chain lengths,[167,168] 
or gradual oxidation of the metal surface,[169] permitting spectral measurements 
of single nanoparticles at controlled spacings above a metal film. Similarly, early 
demonstrations of the molecular ruler technique with nanoparticle dimers were 
shown by Sönnichsen et al.[170] and Reinhard et al.[148] where two gold nanospheres 
were linked via double-stranded DNA and optical spectra of the dimer reflected 
this rigid, ruler-like spacing. 

Apart from numerical investigations as outline above, the optical properties 
of individual plasmonic nanoparticles and their assemblies are routinely 
monitored using standard laboratory microscopes and spectrometers with single-
particle resolution.[143,171–174] In principle, the detection scheme of choice then 
depends on what spectral property is investigated: extinction, absorption, 
or scattering. Spectroscopy can be performed in brightfield by comparing the 
transmitted light intensity by a particle to a reference (background) value.[175] 
Alternatively, the background can be eliminated by employing darkfield 
microscopy using e.g. a combination of a dark-field condenser and a low-NA 
objective,[171] or by spatial modulation of the sample combined with lock-in 
detection.[176] More complex schemes have been employed using pump-probe 
spectroscopy relying on a change of transmitted or reflected light intensity 
induced by a (modulated) pump excitation.[177,178] For a detailed description 
of optical particle detection techniques and methods, we would like to refer 
the reader to recent review articles. [143,171–174] 

2.4 Plasmon rulers to probe conformational dynamics 
 Extraordinary favorable ratio between scattered signal and volume of 
plasmonic nanoparticles makes them ideal candidates to be applied 
in TPM measurements. In this single-molecule technique, a particle is connected 
to a solid surface via a molecular tether, and properties of the tether are 
obtained by analysing the position and motion of the particle. We discussed the 

Figure 2.4: Distance-dependence comparison between a common FRET pair, 
Cy3-Cy5, (red) and the normalized shift of the bonding plasmon resonance 
in a sphere-sphere dimer (blue). Like a nanoparticle dimer, a NPoF system also
approximately follows a ~ 1/d3 distance dependence. 
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TPM method in detail in Section 1.2, and here we mainly emphasize that TPM 
has been developed into an effective technique to elucidate protein structure 
and function,[119–121] and a promising biosensor.[122]  However, the use of relatively 
large particles limits the accessible timescales to milliseconds. In addition, 
conformational changes of the tether are usually extracted by either (1) extracting 
the relative position of the particle with respect to the microscope’s focal plane, 
or (2) by determining changes in the diffusion coefficient of the particle due to 
changes in the length of the tether. Both approaches are limited in accuracy and 
reliably detect changes in tether length of 10 nm and more. 

The desire to observe smaller and faster conformational changes triggered the 
interest in a plasmonic readout. In such implementations a plasmonic nanoparticle 
is tethered to another plasmonic species and the assembly’s plasmon wavelength 
and/or intensity is monitored using optical microscopy. This system resembles 
a plasmonic molecular ruler, and it provides the ability to measure short distal 
changes that traditional TPM systems cannot access in range of 0 – 30 nm. 
Groups invoking plasmonic nanorulers with short biomolecular tethers have 
already demonstrated success in real-time tracking of telomerase activity,[179] 
sensing by aptamer-target binding,[180] measuring multivalent antibody 
binding landscapes,[181] and tracking single protein conformational dynamics 
in real-time.[182]  

As outlined in the previous section the early work on plasmonic nanorulers has 
focused on the influence of material composition, geometry, and gap spacing 
on the optical properties. With increasing understanding of these novel materials, 
the field has turned to exploiting their optical properties in applications. 
Specifically, plasmonic assemblies featuring a small gap between two particles, 
or between a particle and a film show exquisite sensitivity to gap spacing 
as shown in Figure 2.3. This sensitivity has been exploited to detect 
conformational changes of an interconnecting tether molecule. This 
conformational change can be induced either by binding of an analyte, or by 
the presence of multiple metastable conformations of the tether. Here we describe 
the history of both applications, focusing on advances in the past 5 years. 
We refer the reader to Ray et al. for a review of progress in the field before 
2013,[183] and to Qian et al. for a review that focuses on material aspects 
of actuatable plasmon rulers.[184] 

2.4.1 Conformational changes induced by molecular binding 
 Plasmonic nanorulers have been exploited to detect molecular binding 
events by incorporating a linker molecule that functions as a recognition element. 
Upon binding of target analyte, the time-averaged gap spacing is modulated 
resulting in a shift of the plasmon resonance. Initial studies have focused on the 
modification or cleavage of the linker by enzymes such as EcoRV restriction 
enzyme,[185,186] RNAse,[187] caspases,[188,189] and telomerase.[184] Herein particle 
dimers were assembled from colloidal solution using methods pioneered 
by Mirkin[190,191] and Alivisatos[192,193] resulting in assemblies with well-controlled 
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stoichiometry linked by a single molecule of DNA or RNA. Reinhard et al. used 
double-stranded DNA as a linker, with a sequence that is cleaved by EcoRV 
restriction enzymes.[185] They monitored hundreds of particle dimers in a wide-
field optical microscope and extracted the cleavage kinetics and the bending 
of DNA prior to cleavage. Later they extended the approach to study 
the kinetics of RNA cleavage by RNAse.[187] They observed transiently 
stabilized RNA sub-populations at increased spermidine concentrations, 
indicating that spermidine stabilizes certain weak secondary and tertiary structural 
elements in the RNA.[187] Qian et al extended the approach by monitoring 
the kinetics of the extension of the linker DNA by the enzyme telomerase.[179] 
Long time-scale observation showed that telomerase activity in different cells 
could be studied at single-molecule level.[179] 

Other groups assembled particle-dimers and higher-order assemblies using 
peptide linkers to monitor their cleavage by caspases. Jun et al. continuously 
monitored trajectories of caspase-3 activity in live cells for several hours, 
providing sufficient time to observe early-stage caspase-3 activation.[189] 

Figure 2.5: a) Detection of DNA-mediated toe-hold exchange. Core-satellite
particles are assembled busing double-stranded DNA with a toehold as the
interconnecting molecule. When the connecting strand is displaced by
a complementary strand from solution, a single satellite particle will detach for 
each event leading to a stepwise blueshift of the plasmon resonance of the
assembly. Reprinted with permission from Ref.[194] © 2018, American Chemical
Society. b) The same principle can be used to detect micro-RNA, where the time
between events ton is Poisson distributed as shown in the inset. The mean waiting 
time scales inversely with the mRNA concentration. The brightness and chemical
inertness of plasmonic particles also enabled the quantification of this process 
in living cells (bottom) providing a method to quantitate mRNA concentration. 
Adapted with permission from Ref.[200] © 2014, Nature Publishing Group. 
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Later Tajon et al. used peptide-linked dimers to study caspase activity in cell 
lysate.[186] They compared caspase activity in healthy and cancerous cell lines, 
and found that plasmonic nanorulers provide an improved dynamic range and 
2 – 4 fold higher sensitivity compared to fluorescent approaches.  

Plasmonic nanorulers were also used to study the dynamics of DNA interaction-
mechanisms such as toe-hold exchange,[194] DNA hybridization,[195–198] 
and protein-DNA interactions,[199] see Figure 2.5. The dynamics of these reactions 
can be followed over time using e.g. core-satellite constructs where large core 
particles are linked to small satellite particles through single-stranded DNA. These 
assemblies were used by Li et al. to study the dynamics of toe-hold mediated 
strand displacement, where a single-molecule event leads to the detachment 
of one of the satellite particles, leading to a stepwise blueshift of the plasmon 
resonance of the assembly (Figure 2.5a).[194] The photostability and chemical 
inertness of the plasmonic particles allowed the authors to compare the dynamics 
of strand displacement in vitro, in cell lysate, and inside cells. They found 
a significant difference in the deduced second-order rate constants, indicating the 
impact of surrounding medium to the displacement kinetics. In another 
implementation, Kim et al used reversible association and dissociation of particle 
dimers inserted in a supported lipid bilayer to detect the presence 
of complementary DNA.[198] They applied kinetic fingerprinting to distinguish 
between non-specifically formed particle dimers (exhibiting a short survival time) 
and specifically bound dimers (long survival time), and demonstrated 
the detection of tens to thousands of DNA copies with single-base-mismatch 
differentiation capability. 

Micro-RNAs (mRNA) are small non-coding RNAs that function in regulation 
of gene expression, and have recently been identified as a promising biomarker 
for cancer diagnosis and as potential drug targets. Traditionally, fluorescence-
based methods are used to detect small numbers of mRNA molecules inside living 
cells, but also plasmonic nanorulers have emerged as a promising technology 
to quantify mRNA intracellularly. Detection and quantification of mRNA was 
achieved using two approaches: Lee et al. used DNA/RNA duplex formation to 
form particle dimers inside living cells,[200] whereas Li et al.[194] used strand-
displacement to break apart particle assemblies (Figure 2.5). Both processes yield 
dynamics that is proportional to the number of complementary mRNA present 
in the cell, providing a means to quantitative mRNA detection. 

These studies have so far focused on the formation or disassembly of plasmonic 
assemblies in response to molecular events. Although this generates substantial 
plasmon shifts that are straightforward to detect even inside cells, they do not 
allow for repeated interactions on the same interlinking molecule. Lee et al. 
overcame this issue by linking two plasmonic particles using an aptamer (i.e. 
a ssDNA molecule that undergoes a conformational change upon binding of 
an analyte).[180] They used this to monitor dynamic interactions with the enzyme 
matrix metalloprotease 3 (MMP3) that is secreted from mammalian cells and 
is involved in the breakdown of the extracellular matrix (Figure 2.6). 
Upon binding of MMP3 to the aptamer, the authors observed a red-shift of the 
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plasmon of ~ 10 nm for a single MMP3, which was the result of a change 
in interparticle distance of ~ 7 nm. The process was fully reversible allowing 
for repeated detection of multiple events over time.[180] 

Assemblies of metallic particles are challenging to synthesize from colloidal 
solutions because usually the stoichiometry can only be controlled by post-
purification. Plasmonic nanorulers with very similar distance dependent 
properties can be achieved by particles near a metallic film (see Section 2.3). 
These structures have also been exploited for molecular sensing by exploiting the 
ability to modulate the particle-film spacing using a time-varying potential[201,202] 
or light intensity.[203] Nanoparticles were tethered to a gold film using molecular 
linkers, and the particle-film spacing was oscillated at a few hertz using 
an electrical potential or light cue. In the case of actuation using a potential, 
the electrostatic force and thus oscillation amplitude is proportional to the charge 
on the surface of the particle. These oscillations therefore induce a periodic shift 
of the nanoruler plasmon which was detected using a plasmonic imaging 
approach. Fang et al. used this mechanism to detect phosphorylation kinetics 
on single particles that were coated by a layer of peptide and exposed to kinase.[201] 
Shan et al. similarly used nano-oscillators to detect modulations in surface charge 
of the particles by analyte binding.[202]  

Figure 2.6: a) Schematic of a plasmonic nanoruler used to monitor repeated 
interactions of a protein secreted from mammalian cells (MMP3) with the 
interlinking molecule (an aptamer). b) The interactions are reversible, enabling 
the monitoring of repeated event son the same dimer. c) dark-field microscopy 
image of the dimer immobilized on a substrate near a cell. d) Plasmon shift
induced by binding of MMP3 secreted from the cell. Reprinted with permission 
from Ref [180]. © 2015, American Chemical Society. 
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Chen et al. used actuation by light to heat the particles and induce a local 
temperature change (Figure 2.7a).[203] This results in local softening of a hydrogel 
sandwiched between the particle and the film, resulting in modulations of particle-
film spacing. When single-stranded DNA was doped into the film, 
the hybridization with mRNA was detected by a change in the distance 
modulation caused by a modification of the mechanical properties of the material 
in the gap.[203] This process could be monitored over time and the kinetics 

Figure 2.7: a) The use of nanoparticle-on-film systems to detect miRNA using
a hydrogel film doped with complementary ssDNA. The particle-on-film system
is actuated using resonant laser excitation leading to heating and local 
softening  of the hydrogel. The ensuing reduction in particle-film-spacing leads
to a plasmon shift, which is probed using scattering microscopy. b) Laser
actuation protocol showing the sinusoidal excitation of the system, leading to 
variations in gap distance. c) Upon miRNA hybridization the mechanical 
properties of the film change locally leading to a change in the amplitude
of oscillation. The digital nature of the signals indicate single-molecule
sensitivity. Reprinted with permission from Ref [203]. © 2014, American Chemical
Society. d) Energy barrier diagram of the three-bound states (t1, t2, and t3) for
single- and multi-valent antibody binding between an anti-IgG-coated
nanoparticle and an IgG-coated gold film. e) Plasmonic imaging of the perturbed 
field caused by nanoparticle binding to the surface. Raw images of the three states
are shown (top). Example single nanoparticle vertical position timetrace data 
where the three states are evident (bottom). Reprinted with permission from 
Ref [181]. © 2019, American Chemical Society. 
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of molecular hybridization and unbinding could be resolved. 

Recent work by Wang et al builds on dynamic NPoF systems by distinguishing 
multivalent antibody interactions between IgG-coated nanoparticles and an anti-
IgG-coated gold film (Figure 2.7).[181] Imaging of the plasmonic fields directly 
in the film reveal field perturbations in the locations where a nanoparticle 
is temporarily bound via IgG-anti-IgG interactions. Plasmonic image analysis 
determining a changing height of the nanoparticle above the film surface during 
binding further reveals three states in the single-nanoparticle data – nanoparticles 
bound to one antibody, multivalent binding to two antibodies, and then bound 
again to a single, but different, antibody (Figure 2.7e). Impressively, non-specific 
interactions, and their subtypes, are also distinguishable by kinetic fingerprinting 
and x,y-displacement analysis.[181] 

The above detection mechanisms that relies on dynamic changes of nanoruler 
spacing have a distinct advantage over regular refractive sensors such as single 
plasmonic particles, waveguides, metal films, or nanophotonic structures. 
In the latter sensors, perturbation theory shows that the resonance shift depends 
on the overlap integral between the local electric field and the analyte. This results 
in a resonance shift that scales with the analyte volume and thus molecular weight 
of the analyte. By exploiting such a conformational change in nanoruler structures, 
the resonance shift is decoupled from the size of the analyte. This allows for 
single-molecule detection of small molecules that have remained undetectable 
with “traditional” refractive index sensors. 

2.4.2 Conformational dynamics 
 Repeated conformation switching of biomolecules has particularly been 
studied using FRET, wherein the proximity of a donor and acceptor dye induces 
non-radiative energy transfer between them due to dipole-dipole coupling. 
FRET is a powerful technique and profits from site-specific chemical labelling, 
background-free imaging, and multi-color capabilities to simultaneously reveal 
multiple distances within a single biomolecule. One of the drawbacks 
of FRET that is difficult to overcome is the photophysics of the dyes that results 
in blinking and eventual bleaching after some tens of seconds. Monitoring 
conformational dynamics on long timescales is therefore not possible, but recently 
the distance dependent optical properties of plasmonic nanodimers have been 
applied for this purpose.  
In 2018 Park et al. monitored single-molecule rotational dynamics of plasmonic 
dimers conjugated to epidermal growth factor receptors (EGFR) in live cell 
membranes.[204] The dimer was formed by conjugating a single nanoparticle 
to EGFR, which is known to dimerize in the cell membrane preceding signaling. 
The authors observed the orientation of the dimers as a function of time and found 
stochastic jumps in the dimer orientation which was attributed to a conformational 
change in the receptor. This method allowed not only to visualize molecular 
diffusion and rotation but also structural transitions of the protein during 
signaling.[204] 
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Samai et al synthesized dimers of gold spheres linked by a ssDNA that forms 
a hairpin structure (Figure 2.8a-d).[205] The DNA had several azobenzene groups 
incorporated in the backbone which, upon illumination, switch from a cis- to 
a trans-conformation. In the cis-conformation the azobenzene provided steric 
hindrance, substantially weakening the DNA interaction in the stem-region. This 
allowed the authors to reversibly open and close the hairpin using blue and 
UV light, which was characterized using single-particle dark-field scattering 
spectroscopy. Analyzing the plasmon peak shifts for nearly 100 dimers yielded 
an average interparticle distance of 15 ± 2 nm in the closed (trans-azobenzene) 
and 18 ± 2 nm in the open (cis-azobenzene) state. This resulted in plasmon shifts 

Figure 2.8: The use of metal nanoparticle dimers a) - d) to study photo-induced
switching of DNA hybridization and e) - g) to study single-protein conformational
dynamics. a) Two nanoparticles are connected via a hairpin with photoswitchable 
azobenzene moieties inserted in the stem region. b) Upon illumination with blue
or ultra-violet light the hairpin formation can be facilitated or hindered by 
the isomerization of the azobenzene group. c) Single-dimer scattering spectra
showing that the dimer’s plasmon resonance reversibly shifts upon illumination. 
d) Repeated photoswitching cycles showing the stability of the structure. 
Reprinted with permission from Ref [205]. © 2018, American Chemical Society. 
e) Two nanoparticles connected via a single chaperone protein undergo 
conformational dynamics between an open and closed state. f) Owing to
the photostability of the particle’s optical response the dynamics can be followed
for 24 hours in a dark-field microscope, wherein the scattered intensity is recorded 
over time. g) Repeated transitions between an open and closed conformation are 
observed as rapid changes in scattered intensity differing by 5%. In the presence 
of AMPPNP the chaperone is predominantly in the closed conformation, 
as expected from ensemble-averaged studies. Reprinted with permission from
Ref[182]. © 2018, American Chemical Society. 
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of ~ 10 nm and is in agreement with numerical calculations.[205] Photoswitch-
modified DNA therefore enabled the reversible modulation of the interparticle 
distance, allowing for the remote control of the optical properties of single dimers 
making use of conformational dynamics.  

Conformational dynamics of a single protein were recently monitored using 
gold particle dimers by Ye et al. (Figure 2.8e-g).[182] They used the 
molecular chaperone Hsp90 as model system, which is a dimeric protein that 
undergoes a scissor-like conformational change upon hydrolysis of ATP. 
The dimers were constructed by first immobilizing well-isolated gold particles 
with a diameter of 60 nm. Then, a second particle was attached to the anchor 
particle with an Hsp90 complex bridging the two as schematically represented 
in Figure 2.8e. These constructs were monitored in a dark-field optical 
microscope, wherein conformational changes of Hsp90 were observed as distinct 
changes in scattered intensity.[182] The plasmon ruler traces show long dynamics 
never seen before by FRET: dynamics on the 1 − 10 min time scale, which were 
resolved because the photostability of the gold particles allowed the authors 
to monitor conformational dynamics for 24 hours continuously.[182] 
Plasmon rulers thus extend the observation bandwidth 3 − 4 orders of magnitude 
with respect to single-molecule FRET and enable the study of molecular dynamics 
on very long timescales. 

2.5 Challenges and prospects 
  The recent examples of single-molecule plasmonic nanoruler sensors 
have begun to demonstrate the potential of these systems to overcome limitations 
of other single-molecule methods. Plasmonic nanorulers potentially provide 
a complementary technique to investigate biomolecular folding events for which 
other single-molecule techniques are ill-equipped. As demonstrated by Ye et al, 
exceptionally long experimental measurements (hours to days) with stable 
plasmonic nanoruler scattering signals can be achieved.[182] Plasmonic nanoruler 
systems, in fact, may fill the timescale gap that exists between molecular 
dynamics simulations (< 1 μs) and smFRET measurements (> 1 ms). Later in this 
thesis (Chapter 5) we perform detailed numerical calculations to study 
the potential of plasmonic nanorulers to reach microsecond integration times. 

Successful implementation of dynamic plasmonic nanorulers will not be 
without obstacles and limitations. Synthesis and purification of specifically 
labelled nanoparticles is not trivial and often results in a low yield. Better 
shape control in nanoparticle synthesis, and quantitative control and visualization 
of the chemical interface of the nanoparticles are needed to improve yield, 
sensitivity, and response time of plasmonic nanoruler systems. A major 
challenge herein is the prevention of non-specific interactions 
between nanoparticles, biomolecules, and surfaces, which will require 
further developments in antifouling coatings. In next chapters we focus on 
establishing and quantifying various molecular coatings on gold nanoparticles 
in order to create functional plasmonic biosensors with controlled 
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molecular functionalization. We design multiple theoretical, experimental, 
and signal processing methods to analyse the signals at single-particle and single-
molecule level, and thus characterize and control interparticle heterogeneities. 
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3 HETEROGENEOUS 
KINETICS IN THE 
FUNCTIONALIZATION OF 
SINGLE PLASMONIC 
NANOPARTICLES† 

 In order to assemble a controlled plasmonic assembly linked by a single 
biomolecule we require a quantified functionalization protocol. 
The functionalization of gold nanoparticles with DNA has been studied 
extensively in solution, however these ensemble measurements do not reveal 
particle-to-particle differences. Here we study the functionalization of gold 
nanorods with thiolated single stranded DNA (ssDNA) at the single-particle level. 
We exploit the sensitivity of the plasmon resonance to the local refractive index 
to study the functionalization in real-time using single-particle spectroscopy. 
We find particle-to-particle variations of the plasmon shift that are attributed 
to the particle size distribution and variations in ssDNA coverage. We find that 
the ssDNA coverage varies by ~ 10 % from particle-to-particle, beyond 
the expected variation due to Poisson statistics. Surprisingly, we find binding 
rates that differ from particle-to-particle by an order of magnitude, even though 
the buffer conditions are identical. We ascribe this heterogeneity to a distribution 
of activation energies caused by particle-to-particle variations in effective surface 
charge. These results yield insight into the kinetics of biofunctionalization 
at the single particle level, and highlight that significant kinetic heterogeneity 
has to be taken into account in applications of functional particles. The presented 
methodology is easily extended to any nanoparticle coating and can be used 
to optimize functionalization protocols.  

 

† This chapter has been published as “Heterogeneous Kinetics in the
Functionalization of Single Plasmonic Nanoparticles”, Langmuir 2018, 34,
131−138. 
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3.1 Introduction 
 Hybrid nanostructures such as bio-functionalized nanoparticles have 
recently emerged as versatile and programmable nanomaterials for various 
applications. Functionalization of nanoparticles is usually achieved using 
the well-known thiol-gold chemistry[206] where functional probes are provided 
with a thiol group at one end. Functionalization with antibodies,[142,207,208] 
peptides[209] and aptamers[210–212] allows metal nanoparticles to be used 
as biosensors.[143] Also, the functionalization with ssDNA has received 
considerable attention[190,213–221]  driven by anticipated applications in drug 
delivery,[222] gene regulation,[223] plasmon-induced PCR,[224] and aptamer-based 
sensing.[143] Moreover, ssDNA functionalized nanoparticles offer a versatile 
platform to study multivalent interactions and crystal formation and allow for 
the straightforward tuning of affinity by modulating the number of strands 
and their complementarity.[225–227] 

The functionality of the hybrid nanoparticles depends on the density of functional 
probes on the surface of the particle. Optimization of functionalization protocols 
has therefore received considerable attention with the aim to understand 
and optimize the coating density. In the case of ssDNA functionalization, dense 
coatings of thiolated ssDNA on gold nanoparticles were conventionally achieved 
using the so-called salt-aging method,[190,213–218] in which the electrostatic 
repulsion due to the negative charges on the gold particles and the ssDNA 
is gradually reduced by stepwise addition of salt over few days. Later it was shown 
that this process can be accelerated by orders of magnitude by reducing the pH 
of the employed buffer.[219–221,228,229] 

Since then, several studies addressed the functionalization of gold nanoparticles 
with ssDNA. These studies have yielded insight into the effects of salt 
concentration,[230–234] buffer pH,[229,233] ssDNA sequence,[220,228,233–235] 
and nanoparticle size[221,236] on the kinetics of functionalization. These studies 
monitored the progress of the functionalization by probing the fluorescence of 
labelled ssDNA[219–221,229,233,234] or the shift of the plasmon resonance[237] 
on ensembles of nanoparticles. Particle-to-particle differences remain hidden in 
such ensemble studies because they are averaged out. However, such particle-to-
particle heterogeneity can have a profound influence in applications of 
the particles e.g. as biosensors because the sensor response may differ between 
individual particles. 

Here we employ single-particle spectroscopy to study ssDNA-functionalization 
by probing shifts of the plasmon resonance of individual gold nanorods over time. 
Probing plasmon shifts on hundreds of individual particles simultaneously 
in a wide-field optical microscope gives access to heterogeneity that has remained 
hidden in previous studies. We indeed find strong particle-to-particle variations 
in the end-point plasmon shift, which we attribute to the distribution of particle 
sizes present in any preparation of nanoparticles, and to the variation 
in nanoparticle coverage with ssDNA. Surprisingly, we find unexpectedly large 
particle-to-particle variations in the rate constant for ssDNA binding, even under 
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identical chemical conditions. We propose that this heterogeneity originates from 
particle-to-particle differences in surface charge density.  The heterogeneity 
we find should be taken into account when optimizing particle coating protocols, 
and indicates that statistical analysis of single-particle response is crucial.  

3.2 Materials and Methods 

3.2.1 Sample preparation 
 Gold nanorods were purchased from NanoSeedz and their dimensions 
were subsequently measured using TEM giving an average width of 19 ± 3 nm, 
and an average length of 69 ± 7 nm (Figure 3.1c). To firmly immobilize 
gold nanorods they were spin-coated onto coverslips thiolated with 3-
mercaptopropyltrimethoxysilane (MPTMS, Sigma Aldrich). The density 
of particles on the coverslips was controlled by the concentration during spin-
coating to yield 300 – 400 particles in the 130 x 130 μm2 field of view of 
the microscope. Prior to ssDNA functionalization the sample was rinsed with 
methanol, 1 M NaCl, PBS, and milliQ water to remove loosely attached particles 
and residual cetyltrimethylammonium bromide (CTAB) surfactant. The sample 
was equilibrated in a citric acid buffer, resulting in citrate-coated gold nanorods. 

The nanorods are functionalized using a reported low-pH method[219–221,228,229] 
with ssDNA of 50 nucleotides modified with a thiol at the 5’ end (see Table 3.1) 
purchased from Eurogentech. Unless stated otherwise, the concentration 
of ssDNA was 1 μM in citric acid buffer with a strength of 100 mM and a pH 
in the range of 1.7 to 9. Moreover, the analyte solution contained 1 mM of Tris(2-
carboxyethyl)phosphine hydrochloride (TCEP, Sigma Aldrich) to anneal possible 
di-sulphide bridges. The solution was introduced in the flowcell using a syringe 
pump at constant flow of 100 μL/min. All experiments were executed at room 
temperature. 

ssDNA sequence (from 5’ to 3’) Length 

SH - TAG ACA GTT TCA TCG GTG ACA AGA TCC ATA CGC 
TTC CAA TAC GCT ATC AG 50 nt 

Table 3.1: The sequence of the ssDNA used in our experiments. 

3.2.2 Experimental setup 
 A glass coverslip with gold nanoparticles was inserted in a flow cell 
(Warner instruments) that was mounted in a wide-field optical (inverted) 
microscope (Nikon Eclipse Ti).We use prism-type total-internal reflection 
to excite plasmons in our gold nanoparticles resulting in nearly background-free 
images. The light scattered by the nanoparticles is collected with a water 
immersion objective (Nikon Plan Apo 60x VC, NA = 1.15), and projected onto 
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an EMCCD camera (Andor Ixon+ 885). A simplified scheme of our dark-field 
imaging setup can be found in Figure 3.1a. For spectroscopic measurements we 
illuminated the sample with a white-light source, and spectra of individual 
particles were recorded by wide-field hyperspectral microscopy (Section 3.2.3). 
For time-dependent measurements we used a narrowband superluminescent diode 
(SLD) for illumination (Section 3.4.1). Figure 3.1b then shows the field of view 
of a typical sample, where diffraction-limited spots represent either single 
nanorods or sometimes clusters of particles. Each spot exhibits a different 
scattered intensity caused by heterogeneity in particle volume and aspect ratio, 
and by a different orientation of each particle in the partly polarized 
evanescent field. 

3.2.3 Hyperspectral microscopy 
 White-light scattering spectra are recorded for all particles in the field-of-
view at the same time using wide field hyperspectral microscopy. Individual gold 
nanorods are characterized by a narrow Lorentzian spectrum, allowing 
us to discard clusters based on the lineshape and linewidth of the spectrum. 

To record white-light spectra we use a fiber-coupled laser-driven xenon white-
light source (Energetiq). A series of 10 nm bandpass filters with center 
wavelengths ranging from 670 nm to 890 nm are sequentially introduced in the 
emission path of microscope, and a wide field image is captured for each center-
wavelength. The scattering spectrum can then be reconstructed by determining 
the detected scattered intensity for each individual particle for each center 
wavelength. This method is particularly fast for large numbers of particles, 
as the data acquisition is reduced to capturing a few images only, i.e. one per 
wavelength band. We determined the accuracy of this method by repeated 

Figure 3.1: a) Scheme of the experimental setup: a coverslip with immobilized 
gold nanorods is mounted in a flow cell. Using prism-coupled total-internal
reflection microscopy, the scattered light from the nanorods is collected by a water 
immersive objective and recorded onto an EMCCD camera. b) A typical field 
of view, each diffraction-limited spot represents a single nanorod, or sometimes 
a cluster. c) TEM image of a dried drop of the gold nanorods on a carbon coated
copper grid.  
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measurement of the spectra of the same particles, where we find accuracies in the 
plasmon wavelength and the linewidth determination of 0.5 nm and 3 meV, 
respectively. 

The intensity scattered by the particle is calculated from the images by fitting each 
diffraction-limited spot in the image with a 2D Gaussian: 

 ( , ) = + exp ( )
2 + ( )

2  , 3.1 

where  is the background intensity in the image,  and  are the coordinates 
of the 2D Gaussian,  and  are the standard-deviations in the x and the y-
direction, and A is the amplitude of the Gaussian. In the fitting procedure 
we assumed a symmetrical spot, i.e. = . The total detected intensity is then 
given by the volume under the Gaussian as 

 = 2  . 3.2 
To recover the scattering spectrum we correct  for the optical response of the 
setup by normalizing to the experimentally determined (non-zero) white-light 
response of the setup ( ) = ( ) ( ). 

Figure 3.2: A few typical examples of spectra of single nanorods a) and clusters
b) measured by hyperspectral microscopy. Histograms of plasmon wavelengths 
c) and linewidths d) of individual single gold nanorods both characterized
by normal distributions of 782 ± 43 nm and 110 ± 12 meV, respectively. 
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A few examples of scattering spectra of individual single gold nanorods are shown 
in Figure 3.2a. We observe single and narrow Lorentzian spectra whose linewidth 
(Figure 3.2d) falls within the range of 110 ± 40 meV indicating single particles. 
Particles with a linewidth that deviates by more than 3 standard deviations 
from the mean are considered clusters. Taking all single nanoparticles 
in the microscope field of view we build a histogram of individual plasmon 
wavelengths (Figure 3.2c). In Figure 3.2b we also show examples of the scattering 
spectrum of clusters of nanoparticles, which exhibit a double peak (blue and 
yellow curves) or no clear peak feature at all (green curve). These clusters can 
easily be distinguished from the spectra of individual particles and are discarded 
from the further data analysis. 

3.3 Results: End-point plasmon shifts 

3.3.1 Effect of chemical conditions 
 We measured plasmon shifts of single particles in response to binding 
of thiolated ssDNA as a function of buffer pH for pH = 1.7, 3, 5, 7 and 9, 
and two different concentrations of additional NaCl of 0 M and 1 M added into 
a buffer. All experiments were performed in citric acid buffer of 100 mM strength. 
We used incubation times of 1 hour for pH 1.7 and 3 and 3 hours for pH 5, 7 and 9. 
Spectra of individual particles and their corresponding plasmon shifts 
were recorded in the same buffer before and after ssDNA functionalization. 
In Figure 3.3a we show two measured distributions of plasmon shifts for pH 1.7 
and 5, and Figure 3.3b summarizes the obtained plasmon shifts as a function 
of buffer pH for two added NaCl concentrations.  

We observe that for pH 5, 7 and 9 for both added NaCl concentrations the plasmon 
peaks show only small shifts (ΔSP < 5 nm) even after 3 hours of ssDNA 
incubation. This suggests that the ssDNA binding is inefficient under these 
conditions resulting in a low coverage and therefore small plasmon shifts. 
At reduced pH we observe significantly larger plasmon shifts up to 
ΔSP = 15.5 ± 2.7 nm for pH 1.7 in combination with 1 M added NaCl.  

The observed behavior can be explained by considering the effective charges 
of ssDNA and gold nanorods and their modulation as a function of buffer pH. 
The citrate present in the citric acid buffer coats the surface of the gold 
nanoparticles[238] with an estimated average surface coverage of 
approximately 45 %[238] and provides the particles with a negative zeta-
potential.[239] The acid dissociation constants of citrate are pKa = 3.14, 4.77 and 
6.40,[240] implying that the citrate becomes protonated in the lower pH range 
we employ. The ssDNA on the other hand consists of a sugar-phosphate backbone 
(pKa ≈ 1.4 [241]) and bases: adenine (A) with pKa ≈ 4.1, cytosine (C) with pKa ≈ 4.4, 
guanine (G) with pKa ≈ 3.2 and thymine (T) with pKa ≈ 9.9.[242] The negative 
charge on ssDNA is mainly determined by its sugar-phosphate backbone 
which is deprotonated in the whole range of used pH. In the lower 
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pH range the backbone is partially protonated therefore decreasing the net 
charge of ssDNA. 

These considerations imply an improved efficiency of ssDNA coating at low pH 
due to reduced electrostatic repulsion between the citrate coated nanoparticles and 
ssDNA. However, even weak repulsion between solution-phase and surface-
bound ssDNA will reduce the maximum achievable surface density. This 
intermolecular electrostatic repulsion can be partly alleviated further by adding 
1 M of NaCl into the citric acid buffer, resulting in a reduced Debye length of 
0.30 nm (see inset of Figure 3.3b). This is confirmed in the data, where we 
consistently observe larger plasmon shifts when 1 M salt is added. This 
modulation of the mean ssDNA coverage due to reduced electrostatic repulsion is 
in agreement with previously published ensemble-averaged results.[229–234] 

Figure 3.3: a) Two histograms of the single-particle plasmon shifts measured 
in a citric acid buffer at pH 1.7 and 5 with 1 M of additional NaCl. b) Behaviour 
as a function of pH. The points and error bars correspond to the mean and 
the standard deviation of the measured distribution, respectively. The modulation 
of Debye length in the buffer as a function of buffer pH and NaCl concentration 
is shown in the inset.[243] 

3.3.2 Particle-to-particle variations  
 In addition to the mean plasmon shift, single-particle spectroscopy yields 
the width of the distribution caused by inter-particle heterogeneities. Histograms 
in Figure 3.3a show the full distribution of plasmon shifts measured for all 
particles in the field-of-view for pH 5 and pH 1.7. In both cases we observe 
a broad distribution of end-point plasmon shifts which can be caused by several 
mechanisms: 

i. inter-particle variations in refractive index sensitivity, 

ii. the dispersion of aspect ratios present in any preparation of gold 
nanorods,[244] 

iii. the dispersion of particle volumes present in the sample, or  

iv. particle-to-particle variations in the ssDNA coverage. 
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We first explore mechanism (i), the differences in particle sensitivity to refractive 
index change. We directly measured the bulk sensitivity of our gold nanorods by 
changing medium refractive index and subsequently measuring single-particle 
spectra. The bulk refractive index sensitivity is defined as =  , where 

 is the change of the plasmon wavelength caused by an increase of refractive 
index  of the surrounding media.[245] As shown in Figure 3.4, the difference 
in bulk sensitivity we find between short and long aspect ratios is in good 
agreement with calculations using a core-shell Mie-Gans model,[246] 
see Appendix 1. This increase in sensitivity for increasing aspect ratios has indeed 
been predicted in the electrostatic approximation[247] and was verified 
by comparison to numerical simulations.[245] The measured absolute values, 
however, are lower than the theoretical predictions due to the presence 
of the substrate in our experiments that shields part of the probe volume 
of the particles. 

Further analysis of the nanoparticle sub-population that exhibits plasmon 
wavelengths of 750 – 800 nm gives relatively low coefficients of variation of 8 % 
and 6 % for the theoretical and experimental data, respectively. This implies that 
the heterogeneity in sensitivity is dominated by the presence of different 
aspect ratios in the sample, and not by different distances and orientations of the 
particles with respect to the substrate. The same conclusion translates to the 
plasmon shifts induced by ssDNA binding therefore giving negligible 
contributions to the inter-particle heterogeneity. 

We further explore mechanism (ii), the dispersion of aspect ratios present in our 
sample of nanorods. In Figure 3.5a we show the correlation between the measured 
plasmon wavelength and the corresponding plasmon shift induced by binding 
of ssDNA at pH 1.7. We find a positive correlation between the aspect ratio and 
the plasmon shift, again showing a higher sensitivity to local refractive index 
for longer particles. Although we observe a correlation between aspect ratio and 

Figure 3.4: The bulk refractive index sensitivity of gold nanorods determined 
experimentally and using a core-shell Mie-Gans model. By considering the sub-
population of nanoparticles characterized by plasmon wavelengths in the range 
750 - 800 nm we extracted CVMie = 8 % and CVexp = 6 %. 
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end-point plasmon shift in Figure 3.5a, there is still significant spread 
in the observed shifts. For particles with a plasmon resonance between 750 nm 
and 800 nm this residual heterogeneity is characterized by a normal distribution 
and its variance of = 5.2 nm2, see Figure 3.5b. This residual heterogeneity 
could therefore be due to the abovementioned mechanisms (iii) and (iv), 
i.e. the distribution of particle volumes present in the sample ( ), or due to 
particle-to-particle variations in the ssDNA coverage ( ). Assuming all 
variables are normally distributed the total variance is then given by 

 = +  . 3.3 
We estimate  by calculating the expected distribution of plasmon shifts using 
a core-shell Mie-Gans model,[246] see Appendix 1. From TEM images we find 
that our nanorod sample contains particles with distributions in their lengths, 
and widths, giving a heterogeneous distribution in particle volumes. Differences 
in particle volume lead to differences in end-point plasmon shift because the near-
field decays on longer length-scales for bigger particles.[248] This reduces 
the overlap between the ssDNA coating and the near-field of the particle, resulting 
in smaller shifts for larger particle volumes.  

We used the core-shell Mie-Gans model to estimate  for a representative sub-
population of particles (dimensions extracted from TEM images) with 
a calculated plasmon wavelength between 750 nm and 800 nm. By considering 
only a sub-population of nanoparticles and by calculating their expected plasmon 
shift using core-shell Mie-Gans theory we disentangle the effect of the nanorod‘s 
shape and size dispersion on the reported plasmon shifts. We find a minor 
contribution of = 0.9 nm2 , which implies that the ssDNA coverage varies 
from particle-to-particle contributing = 4.3 nm2.  

This suggests that the heterogeneity in end-point plasmon shift is dominated by 
particle-to-particle differences in the absolute number of ssDNA strands. 
We decompose  into two contributions,  

 = +  , 3.4 
where  represents the lower limit expected for the variance in the number 
of ssDNA per particle due to Poisson statistics, and  represents additional 
sources of heterogeneity.  

To estimate the number of ssDNA strands functionalized to gold nanoparticles 
and thus its corresponding Poisson distribution over individual particles 
we estimate the maximum ssDNA loading of the employed particles. We base this 
estimate on the work by Hill et al.[236] and thus consider thiolated DNA molecules 
as closely-packed cones occupying the surface area of the particle. A detailed 
explanation of the estimation is given in Appendix 2. For ideal conditions, which 
is pH 1.7 with 1 M of additional NaCl, ssDNA adopts a “mushroom-like” 
conformation, which we approximate by a hydrodynamically equivalent sphere 
giving a ssDNA footprint of ~20 nm2 for a length of 50 nt. An assembly 
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of such ssDNA spheres then occupies the surface of the nanorod, which we correct 
for the presence of a substrate. We determine the maximal molecular 
loading for all nanorods measured with TEM, and obtained a distribution 
in the number of ssDNA molecules per particle of ���� = 225 ±  42 , where 
the standard deviation originates from the distribution of surface areas 
for different particles. 

To find ���������  we assume a Poissonian distribution characterized by 
a standard deviation of � = √� = 15, giving the coefficient of variation �� =
� � = 6.5 % .We further assume that this Poissonian ��  translates directly 
to a ����� of the plasmon shift, in other words we assume that the average shift 
per molecule is a constant. This translates to a variance in the plasmon shift that 
is given by ��������� = (��������  ×  ��)� = 0.7 nm2  for the ideal conditions. 
The small Poisson-induced contribution demonstrates that the mean source 
of heterogeneity is due to particle-to-particle variations in the average ssDNA 
coverage. Note that the above discussion assumes that particle-to-particle 
variations in DNA-conformation are negligible, which is reasonable 
because we average over ~ 225 strands per particle. The corresponding variance 
����� = 3.5 nm�  represents a coefficient of variation  �� � 10 % , implying 
that number of ssDNA strands per particle varies by ~10 %  on top of the 
Poisson distribution. 

 

Figure 3.5: a) Functionalization-induced plasmon shifts of individual 
nanoparticles as a function of plasmon wavelength of individual nanorods. 
Data shown in this figure were recorded for buffer pH = 1.7 and 1 M of addition 
NaCl. The black solid line represents a linear fit to the data with R2 = 0.517. 
b) Histograms of the end-point plasmon shift for the sub-population of individual 
nanoparticles falling in a plasmon wavelength range of 750 – 800 nm (cyan) 
characterized by a variance of 5.2 nm2, and calculated plasmon shifts using a core-
shell Mie-Gans model[246] for the same sub-population of representative particles 
whose sizes were extracted from TEM images characterized by a variance 
of only 0.9 nm2. 
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3.4 Results: Kinetics 
 To further understand the functionalization process, we now focus on the 
kinetics of the ssDNA binding to individual gold nanoparticles. We performed 
measurements of dynamic plasmon shifts of single particles in response to binding 
of ssDNA at pH 1.7, 3, and 5, and for 0 M and 1 M additional NaCl added to the 
citric acid buffer. 

3.4.1 Dynamic plasmon shift of individual nanoparticles 
 Dynamic plasmon shifts induced by ssDNA binding of individual 
particles were probed using a narrowband SLD ( = 793 nm, P = 35 mW, 
Superlum), generating a time-dependent scattered intensity that depends 
on the plasmon wavelength relative to the wavelength of the SLD. 
This dependence is highlighted in Figure 3.6a, where we show several timetraces 
corresponding to individual gold nanorods on the same sample. For particles with 
a plasmon wavelength shorter than the probe-wavelength, the red-shift 
of the plasmon causes an increase in the scattered signal, whereas particles with 
a plasmon wavelength longer than the probe exhibit the opposite behavior. 
There is also a third regime where the plasmon wavelength is only slightly blue-
shifted compared to the probe. In that case the scattered signal first increases and 
as the plasmon crosses the SLD wavelength the signal decreases again (magenta 
line in Figure 3.6a). The overall change in scattered intensity after 
functionalization with ssDNA is summarized in Figure 3.6b, where we observe 
the aforementioned wavelength dependence. 

Figure 3.6: a) Timetraces of scattered intensity normalized to the initial value 
for seven individual nanorods. At t = 0 s ssDNA (1 μM in pH 1.7 citric acid buffer 
with 1 M of additional NaCl) is injected into the flowcell using a syringe pump 
at a flowrate of 100 μL/min for 3 minutes. The sign of the intensity change 
depends on the plasmon wavelength relative to the wavelength of the SLD 
probe (793 nm). b) Correlation between the plasmon wavelength measured 
by hyperspectral microscopy and the observed normalized contrast 
( ( ) ), where Ifinal was measured 1 hour after injection 
of ssDNA. The vertical dashed line indicates the SLD’s centre wavelength. 
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3.4.2 Extraction of kinetic parameters 
 To extract kinetic parameters from timetraces, we first fitted the data using 
a single exponential. However, this resulted in a poor fit suggesting that 
the binding process cannot be described by simple Langmuir kinetics. Although 
a multi-exponential fit results in better fitting due to the increased number 
of fitting parameters, it does not represent the underlying mechanism properly 
because it discretizes the distribution of rate constants. A better representation 
is given by a continuous distribution of rate constants �. 

Since we expect rate constants bound to the region 0 � � � �, of the possible 
rate constant distributions the Gamma distribution possesses a properly defined 
statistical mean and variance,[249] is a generalization of the conventionally used 
stretched exponential distribution,[250] and yields an analytical equation that can 
be used to fit the timetraces. The probability density function (pdf) of the Gamma 
distribution �(�) is given by:[251] 

 �(�) = 1
ℾ(�)�� �

�����
�
� , 3.5 

where � and � are the shape and the scale parameter of the Gamma distribution 
( � , � > 0 ), and ℾ(�)  is the Gamma function. The shape and the scale 
parameters are related to the mean and the standard deviation of the ℾ distribution 
by 〈�〉 = �� , and � = ���� , respectively. For the specific case of a Gamma 
distribution of exponentials the overall signal decay ������ can be expressed in 
a relatively simple form[251] containing only two parameters � and �:  

 ������ = � �(�) ���� d� =
�

�

1
(1 + ��)�  . 3.6 

However, the time-dependent shift of the plasmon wavelength is in 
our measurements probed using the narrowband SLD. Therefore, to simulate 
the measured timetrace we approximate the nanorods longitudinal plasmon by 
a single Lorentzian and its shift over time is given by the gamma distribution 
of rates. The energy of the plasmon ���  (in eV) as a function of time 
is then given by: 

 ���(�) = ��� + �� �1 − 1
(1 + ��)�� . 3.7 

where �� = ��� − ��� , with ���  the (measured) initial plasmon energy (in eV) 
and ��� the plasmon energy at � � �. Eqn 3.7 is then used as the center energy 
of a Lorentzian curve that represents the scattering spectrum, which is 
evaluated at the probe wavelength and normalized to the initial value at � = 0 s. 
This yields a model for the normalized intensity scattered by the particle 
at the wavelength of the SLD probe, given by 
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�������(�) =

������� � ����� + �1
2 Ґ���

�

������� � ���(�)�� + �1
2 Ґ���

� , 3.8 

with ������ = 1.58 eV (= 793 nm)  the probe energy and Ґ��  the (measured) 
initial plasmon linewidth. We find that this model yields a very high fitting 
accuracy (mean R2 = 0.97 ± 0.08) with only three fitting parameters. We also fitted 
the data with a stretched exponential by inserting corresponding probability 
density function into Eqn. 3.8. In general we find the stretched exponential 
fits our data worse than the Gamma distribution as represented by higher R2 
values, which is why we choose this model to fit our data in Figure 3.7. 

Figure 3.7a shows two typical examples of timetraces at pH 1.7 and pH 5, fitted 
with Eqn. 3.7 and Eqn. 3.8. At pH 1.7 we find mean rate constants that are orders 
of magnitude faster than at pH 5, in line with previous ensemble studies.[219,220,229] 
However, for all particles studied we find a broad gamma distribution of rate 

Figure 3.7: a) Gamma distribution fits to recorded timetraces on a logarithmic 
scale for two individual single nanorods. In the inset the corresponding Gamma 
probability density functions are shown together with the mean kinetic rates. 
b) Three examples of timetraces of individual single gold nanorods on the same 
sample with corresponding fits for their initial rates. 
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constants given by the corresponding Gamma probability density functions 
plotted in the inset of Figure 3.7a. The broad distribution of rate constants for each 
particle is observed under all pH and salt conditions and is attributed to ssDNA 
crowding on the surface of the particle. This causes a gradual decrease in rate 
constant as the reaction progresses due to the onset of steric hindrance, 
hydrophobic effects, and electrostatic repulsion.[234] 

Although the gamma distribution fits indicate that the binding-rate reduces over 
time, they do not allow for easy comparison between different conditions because 
they require accurate fitting at long times to recover the low rate constants. 
This is especially challenging at pH > 5, where signals are low and the time 
to saturation is on the order of hours. We therefore turn to the initial rate constant 
at = 0 , where these effects do not play a role. This initial regime 
is characterized by a plasmon energy that shifts linearly in time, given by 

 ( ) = (1 ) , 3.9 
where  is the initial rate constant and the minus sign indicates a shift 
to lower energies. 

We fitted the timetraces of individual particles with Eqn. 3.8, with ( ) given 
by Eqn. 3.9. A few examples of these fits are shown in Figure 3.7b. We observe 
that ssDNA binding starts at the exact same time for all probed nanoparticles, 
however the extracted initial rate constants differ significantly from particle-to-
particle, even if the chemical conditions are identical. Figure 3.8a shows the mean 
and standard deviation of these lognormal distributions as a function of pH 
for 1 M of additional NaCl. In line with earlier ensemble studies[219–221,228,229] 
we find that the mean rate constant depends strongly on pH due to the 
aforementioned modulation of electrostatic forces. 

Figure 3.8: Initial binding rates  as a function of a) buffer pH and b) ssDNA 
concentration. The datapoints indicate the mean and standard deviations of the 
distributions extracted from the single-particle timetraces. The insets show the CV 
of the distribution . 
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We also determined the dependence of the initial rate on ssDNA concentration. 
These measurements were performed at a buffer pH of 1.7 with 1 M of additional 
NaCl, the distributions of  are shown in Figure 3.8b. We fitted the concentration 
series with a power law obtaining an exponent of 1.03 ± 0.17, confirming that the 
functionalization is a first-order reaction. We find that  exhibits 
comparable heterogeneities independent of pH and ssDNA concentration 
(see insets Figure 3.8). 

3.4.3 Particle-to-particle variations in kinetics 
 In contrast to ensemble-averaged studies we also gain insight into 
the heterogeneity of the functionalization process. We show a histogram of 
the distribution of  in Figure 3.9 for buffer pH of 1.7 with 1 M of additional 
NaCl. Surprisingly, we find values for  that vary by nearly an order 
of magnitude from particle-to-particle. The origin of the heterogeneity in  
could be two-fold: 

i. the size-dispersion in our sample leading to different sensitivities 
to refractive index changes, and 

ii. particle-to-particle variations in the energy barriers for ssDNA binding 
leading to a broadened distribution of . 

We again assume all variables are normally distributed. This allows us to establish 
different contributions to the heterogeneity as a convolution of the individual 
Gaussian distributions. In terms of variances of distributions we can therefore 
write 

 = +  , 3.10 
where  represents the total (measured) variance , and  represents 
the heterogeneity caused by the distribution in particle sizes.  then represents 
the contribution from a distribution of energy barriers that have to be overcome 
by the ssDNA in order to reach the particle surface and successfully bind. 

First we explore mechanism (i), the dispersion of particle sizes present in our 
sample of nanorods. As shown in Figure 3.5, a nanoparticle’s sensitivity 
to refractive index depends on its aspect ratio[245,247] possibly resulting 
in a distribution of  even if the ssDNA binds at the same rate. In contrast with 
the end-point measurements we find no correlation of initial rates with the 
plasmon wavelength. We further employ a core-shell Mie-Gans model[246] 
to estimate the distribution of  caused purely by the dispersion of particle sizes, 
and thus disentangle this effect from the heterogeneity caused by differences 
in molecular binding rate. As before, we used a set of representative particles 
whose sizes were extracted from TEM images. Although this model does not yield 
absolute values for , we do obtain its relative values by incrementally increasing 
the refractive index of the shell for the differently sized core particles. Figure 3.9 
shows the histogram of initial rates for pH 1.7, here the distribution of  
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due to the particle size distribution (mangenta histogram) exhibits a variance 
of = 0.8 × 10   compared to the total (measured) variance =
25 × 10  . These variances corrrespond to = 8 % due to the particle-
size distribution, compard to the measured = 35 %. Therefore, the size 
dispersion is not the dominatant factor determining the broad distribution of .  
The residual heterogeneity contributes a variance = 24.2 × 10  . 
We observe similar residual heterogeneity for all chemical conditions and ssDNA 
concentrations. We therefore attribute this additional spread to mechanism (ii), 
particle-to-particle variations in the surface charge density. The rate at which 
ssDNA adsorbs on the particle surface depends on the activation energy  
that has to be overcome by a ssDNA molecule approaching the particle. Only 
when the ssDNA molecule has passed the energy barrier it can adsorb on the gold 
surface, rearrange, and induce thiol binding. The reaction rate  is then related 
to  by the Arrhenius equation, given by:[252] 

 =  , 3.11 

where  is the attempt frequency,  is Boltzmann’s constant, and  
is temperature. Based on the strong pH and salt dependence we find for  
we infer that  is dominated by attractive Van der Waals forces and repulsive 
electrostatic forces, as was concluded before from ensemble-studies.[219,229] 
The electrostatic interaction depends on the charge distributions on the particle 
and on the ssDNA, and on the salt-dependent Debye length. Given that our kinetic 

Figure 3.9: Histograms of fitted  for pH 1.7 with 1 M of additional NaCl 
consisting of 171 individual nanoparticles characterized by a variance 
of 25 × 10  , and calculated inital rates using core-shell Mie-Gans model
whose sizes were extracted from TEM images (215 particles) characterized by
a variance of only 0.8 × 10  . 
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traces average over a large number of ssDNA, the particle-to-particle differences 
we observe cannot be caused by heterogeneities in the ssDNA.  

However, the charge density on the nanoparticle is determined by the density and 
organization of capping ligands and associated ions on the exposed nanoparticle 
facets. Interestingly, recent single-particle zeta-potential measurements[253,254] 
have indeed revealed particle-to-particle differences in zeta-potential for citrate-
capped gold particles. Zeta-potential distributions were measured by single-
particle electrophoresis through a metallic nanopore, where the transit time 
depends on the particle’s size and surface charge.[253] Particle-to-particle 
differences in zeta-potential of several tens of percents were found, and were 
attributed to varying organization and density of citrate on the particle surface.[253] 

We therefore propose that this heterogeneity in charge density is the underlying 
cause of the strong heterogeneity in  that we observe. Indeed, the exponential 
dependence of  on  implies that particle-to-particle variations in surface-
charge density of approximately 25 % results in a distribution of  as in Figure 
3.9. There are no methods currently available to measure the zeta-potential and  
on one-and-the-same particle, which is needed to shed light on the detailed 
mechanisms causing heterogeneity in the kinetics of functionalization.  

3.5 Conclusion 
 Our results suggest that the final ssDNA density on the particle surface 
varies by ~10 % from particle-to-particle beyond the expected variations due to 
the Poisson distributed total number of ssDNA strands. The functionalization 
process itself is unexpectedly heterogeneous and we found rate constants that 
varied by almost an order of magnitude from particle-to-particle. This strong 
heterogeneity could not be explained by the particle size dispersion alone. Instead, 
we attribute the dominant origin of the kinetic heterogeneity to variations in the 
effective charge on the particle surface due to variations in the capping ligand 
(citrate) organization and density. These findings will have implications in the use 
of hybrid nanoparticles for crystallization studies,[226] biosensors,[143] and targeted 
therapeutics,[255] where the particle functionality is practically determined 
by a degree of functionalization of the particle surface. 

Although these single-particle experiments provide insight into particle-to-
particle differences, only relative differences in coverage are revealed. 
The absolute number of strands per particle can only be obtained at the single-
molecule level, where the number of conjugated strands can be counted directly. 
The following chapter presents such a method based on quantitative super-
resolution microscopy. 
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4 SINGLE-MOLECULE 
QUANTIFICATION OF 
NANOPARTICLE 
FUNCTIONALIZATION⁕ 

  

 

  

 As shown in Chapter 3, functionalization protocols often result 
in a heterogeneous distribution of particles with a varying density 
of the functional groups on the particle surface. A lack of methods to directly 
resolve these molecular properties of the particle’s surface hampers 
optimization of functionalization protocols and applications. Here quantitative 
single-molecule interaction kinetics is used to count the number of ligands 
on the surface of hundreds of individual nanoparticles simultaneously. 
By analyzing the waiting-time between single-molecule binding events 
we quantify the particle functionalization both accurately and precisely for 
a large range of ligand densities. We observe significant particle-to-particle 
differences in functionalization which are dominated by the particle-size 
distribution for high molecular densities, but are substantially broadened 
for sparsely functionalized particles. From time-dependent studies we find 
that ligand reorganization on long timescales drastically reduces this 
heterogeneity, a process that has remained hidden up to now in ensemble-
averaged studies. The quantitative single-molecule counting therefore provides 
a direct route to quantification and optimization of coupling protocols towards 
molecularly control colloidal interfaces. 

 

⁕ This chapter has been published as “Dynamic single-molecule counting for the
quantification and optimzation of nanoparticle functionalization protocols”,
Nanoscale 2020, 12, 4128−4136. 
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4.1 Introduction 
 Nano- and micro-sized particles proved themselves as versatile probes 
in bioscience enabling targeting and visualization of specific cellular 
structures,[256] drug delivery,[257] or even single-molecule sensing.[142] Particularly 
plasmonic nanoparticles receive attention due to their tunable optical 
properties,[171] the ability to photothermally heat the particle and release 
e.g. DNA,[258,259] and their  biocompatibility upon functionalization.[260]  
The kinetic response and specificity in these applications is governed by 
the functionalization of the particle surface with specific biomolecules. 
In a typical coupling protocol the particles are mixed with the bio-active 
molecules at specific chemical conditions.[261,262] It is however statistically 
unlikely that such chemical conjugation protocols result in a homogeneous 
population of particles each with the same number or density of functional 
groups (Figure 4.1a). In addition to the variation in the number of 
functional groups expected from Poisson statistics, in Chapter 3 we found hints 
of additional heterogeneities due to limitations in the functionalization protocol. 
These particle-to-particle variations may impair the performance of the 
functionalized particles, wherein e.g. the affinity of a particle for a membrane 
or the kinetic response of a biosensor depend sensitively on the number 
of receptors on the particle surface. 

Common methods to characterize particle-functionalization, however, have relied 
on ensemble averaged results, where underlying particle-to-particle differences 
remain hidden. The kinetics of ligand functionalization and corresponding ligand 
density are routinely characterized using i.e. differential centrifugal 
sedimentation,[263,264] mass spectrometry,[265] dynamic-light scattering,[263,266,267] 
and fluorescence assays.[219,221,229,236] The charge of the interfacial layer 
on the other hand has been determined using zeta-potential measurements[263,266] 
whereas XPS provides compositional information.[267–270] These ensemble 
techniques have proven extremely useful to get insight into biomolecular 
functionalization processes for numerous particle sizes, shapes and materials. 
However, emerging single-particle applications desire a detailed description 
and control of the biomolecular layer on the surface of particles. To gain access 
to particle-to-particle differences the sample needs to be analyzed at the single-
particle level[271] while studying many particles simultaneously is crucial to 
obtain statistics. 

Characterization of biomolecular functionalization at the single particle level has 
been reported using electron microscopy[272,273] due to its high spatial-resolution. 
Electron microscopy however suffers from a low contrast when imaging 
biomolecules[274] unless they are labeled using e.g. metallic particles.[272] 
Recently, Eller et al.[275] directly determined the ligand loading on individual gold 
nanoparticles using a secondary ion mass spectroscopy, and found that the relative 
DNA loading depends on the particle geometry. Our previous study[276] 
(Chapter 3) probed plasmon shifts in response to particle functionalization and 
highlighted the importance of particle-to-particle differences in the kinetics 
of ssDNA binding to gold nanoparticles. The mentioned methods however either 
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rely on complex instrumentation, do not enable in situ characterization, or provide 
relative loading densities instead of an absolute count of the number of ligands.  

Quantitative counting of individual molecules was accomplished by fluorescent 
labeling and subsequent monitoring of single-molecule photobleaching steps 
directly after the laser illumination has been applied.[277,278] The method 
is however limited to particles with a low number of functional groups because 
single-molecule photobleaching steps should exceed the shotnoise on the total 
fluorescence signal. Stochastic optical reconstruction microscopy (STORM) 
localizes fluorescence bursts from single molecules that get activated and then 
bleach, and has been used to study the spatial distribution,[279,280] and density[281] 
of ligands. The localization precision of ~10 nm however puts a limit on the 
maximum density of ligands, and as a result localization microscopy is also 

Figure 4.1: a) Functionalization of nanoparticles leads to a distribution of bio-
active molecules on the surface of the particle, each particle exhibiting a different 
number of functional groups. b) After functionalization the particles are 
immobilized to allow for quantitative single-molecule counting using DNA-
hybridization kinetics. Herein a fluorescently labelled imager strand reversibly
binds to the docking strands on the particle. c) Using a wide-field fluorescence
microscope, each single-molecule hybridization event causes a fluorescent burst.
Temporal analysis of the bursts reveals the number of functional groups on each
individual particle.  
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limited to low molecular densities. The dynamic range can be extended upto 
several hundreds of ligands by counting the frequency of blinking events,[282,283] 
but this is difficult to quantitate and easily results in overcounting (due to multiple 
blinks from the same molecule) or undercounting (due to rapid photobleaching). 
Quantitative single-molecule counting on the other hand has been pioneered by 
Jungmann who used it to count the number of binding sites on DNA origami 
structures,[284] and was later applied to count the number of sites on large 
polystyrene beads.[285]  

Here we use such quantitative single-molecule counting to guide functionalization 
protocols of nanometer size plasmonic particles at the single-particle and single-
molecule level (Figure 4.1b,c). This method is accurate for a large range of 
functionalization densities and does not suffer from blinking and bleaching.[286] 
We use a stochastic model to predict the precision and accuracy of counting, 
and demonstrate the method by counting the number of DNA strands on single 
gold nanoparticles across several orders of magnitude. Although we use gold 
colloidal nanoparticles, the method proposed here can be in principle applied 
on particles of any size, shape or material. Since the recorded signal relies on the 
transient re-binding of a fluorescently labelled ligand, the only requirement is that 
the particles can be functionalized with a receptor that exhibits a reversible 
interaction with its ligand. We compare particle-to-particle variations in the 
number of functional groups for different protocols, and we find that protocols 
reported in literature yield fast functionalization but with larger than expected 
particle-to-particle differences. Ligand reorganization over timescales of several 
hours is needed to reach a state in which particle-to-particle variations are limited 
by Poisson statistics. The method we present provides a quantitative measure 
of the number and heterogeneity of functional groups and is a promising 
avenue to optimize particle-functionalization protocols at the single-particle and 
single-molecule level. 

4.2 Methods 

4.2.1 Accuracy and precision of the method 
 Detection of the transient and repeated binding of a fluorescently labelled 
ligand to docking strands on a nanoparticle results in a series of fluorescence 
bursts that are characterized by their respective start- and end-times. The number 
of bursts (i.e. hybridizations) per unit time scales with the number of docking 
strands per particle, and this can be quantified in two ways, namely 

i. by statistically analyzing the average frequency of fluorescence bursts, 

ii. or by analyzing the distribution of waiting times (i.e. the dark times) 
between the bursts. 

Which approach is most accurate is not a-priori clear, so we performed stochastic 
simulations to choose the optimum experimental parameters and quantification 
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method. To investigate the degree of quantification we focus on the counting 
precision and the counting accuracy (Figure 4.2a). 

For this purpose we simulated the binding and unbinding of the imager strand 
as a random sequential process in which the waiting time until binding (the dark 
time, or ) and unbinding (the bright time, or ) are both governed by Poisson 
statistics and thus exponentially distributed. This allows us to generate a timetrace 
for each docking strand present on a particle, and the response of the particle 
as a whole then follows from the sum of all  (independent) docking strands 
(Figure 4.2b). If the number of binding sites on a single particle is estimated  
times by independent experiments, the counting precision describes the spread 
of these estimates around its mean value , commonly expressed in terms of 
a standard deviation . The counting precision is then essentially determined 
by the number of events detected on a particle, so for method (i) the number 
of detected fluorescence bursts, and for method (ii) the number of detected 
dark times. 
The counting accuracy describes to what degree the mean estimated number 
of sites ( ) deviates from the true number of sites . These deviations mainly 
arise when binding events overlap in time, resulting in undercounting. These 
counting inaccuracies are given by = . We analyze the counting 
precision and accuracy as a function of the ratio between mean dark- and bright 
times / , which can be expressed in the experimental parameters as 

 = off
img on

, 4.1 

where off, on, and img are the imager strand’s dissociation rate, association rate, 
and concentration, respectively. 

The ratio between dark- and bright times can be experimentally tuned by simply 
changing the imager strand concentration. In Figure 4.2d we plot the normalized 
counting precision (coefficient of variation), where we observe a low precision 
for low and high /  ratios with an optimum at /  ~ 1. For large ratios the 
number of events per timetrace is limited (e.g. due to a low img ), resulting 
in unprecise counting. For small ratios on the other hand, the large binding 
frequency results in a fraction of events overlapping in time. This cannot be 
identified reliably in an experiment, resulting in missed events and thus a reduced 
total number of events per timetrace for decreasing ratios. The normalized 
counting precision scales nearly identically for both quantification methods, 
confirming that the precision is indeed dominated by the (Poissonian) counting 
statistics. These results indicate that a measurement time of 40 minutes results 
in a maximum counting precision of /  = 0.04 , which can evidently 
be further improved by increasing the measurement time. 

For the counting accuracy however we find a large difference between the two 
methods (Figure 4.2e). Quantification by the frequency of events produces 
consistent undercounting because each double event affects this frequency. 
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The probability of double events is low (but not zero) at high /  ratios, 
producing less than 10 % deviation in the number of counted sites, but the 
accuracy substantially decreases for  /  < 10 due to the increased probability 

Figure 4.2: a) Concept of measurement precision and accuracy. b) Imager 
transient binding timetraces are generated for every individual docking strand 
on a particle, and subsequently merged to give the response of the particle 
as a whole. c) Number of docking strands on the particle is determined either from 
the frequency, or from the distribution of the dark times between the events. 
Simulated normalized precision d) and accuracy e) extracted from stochastic 
simulations of timetraces with a duration of 45 minutes, a camera framerate 
of 20 Hz, association rate = 2.3 × 10  M  and dissociation rate =
1.6 . The precision and accuracy are extracted from 100 simulations 
performed using these input parameters. 
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of double events. When the mean dark time is considered the counting accuracy 
is substantially higher over a larger range of /  because double events reduce 
the number of detected dark times (as captured by ) but do not affect their mean. 
So although the counting precision reduces when a substantial number of events 
overlap, the counting accuracy is robust against double events. The deviation 
of this behavior for /  < 1 observed in Figure 4.2e is caused by the finite 
camera framerate (20 fps), which results in overestimation of the dark time 
and thus undercounting for short dark times. 

These stochastic simulations provide guidelines on for the experimental design, 
and will allow us to quantify the effects of the (intrinsically limited) number 
of events on the counting precision and accuracy. Based on these simulations we 
performed the experiments at an imager concentration  that leads to 

/  ~ 20  (for our imager on ~ 2.3 × 10  м s  and off ~ 1.6 s ).[286] 
This corresponds to imager strand concentrations ranging from 50 pM to 3 nM 
depending on the expected mean number of docking strands. Although 
the counting precision could be further improved by working at lower ratios 
(Figure 4.2d), we will see below that the particle-to-particle variations 
are dominated by other factors. 

4.2.2 Data post-processing 
 The experimental implementation is based on quantitative PAINT 
(qPAINT), which was originally developed to count the number of docking 
strands on DNA origami structures.[284] We apply this method to DNA-
functionalized single crystalline gold nanoparticles because they are extensively 
used for biosensing,[142,207,287] and drug delivery.[222] We first spin-coat the particles 
onto a thiolated glass coverslip at low surface coverage, see b, and insert the 
sample in a flow cell. Subsequently we functionalize the particles with thiolated 
ssDNA docking strands of 30 nucleotides using the protocol described 
in Chapter 3.[219,221] The docking strands are mixed with short 10 nt antifouling 

ssDNA strand Length Sequence (from 5’ to 3’) 

Docking strand 30 nt SH - CAT CAT CAT ACG CTT CCA AT A 
ATA CAT CTA 

Antifouling strand 10 nt SH - ACG CTA TCA G 

Non-complementary 
docking strand 

30 nt SH - AAG ATG CTT ACG CTA CGA TTA 
CGC TAT CAG 

Imager strand 10 (9) nt ATTO 647N – C TAG ATG TAT 

Table 4.1: DNA sequences used in the experiments. Complimentary sequences 
are shown in red. Note that the imager strand is 10 nt long, however only 
9 nucleotides are complementary with the docking strand. 
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ssDNA strands at varying fractions to provide control over the average number 
of docking strands per particle. See all used ssDNA molecules and their 
corresponding sequences in Table 4.1. The flow cell is then inserted into 
an inverted wide-field optical microscope (Nikon Ti) equipped with an oil-
immersive objective (Nikon Apo TIRF 100x Oil DIC N2). We excite the sample 
using objective-type total internal reflection, collect the emitted light with 
the same objective, and send the wide-field image to an EMCCD camera 
(Andor DU-888 X-9414). A typical field of view (FOV) is shown in Figure 4.3a 
where individual diffraction limited spots correspond to either single particles 
or clusters. 

To distinguish single nanoparticles from clusters we record scattering spectra 
of the nanoparticles using hyperspectral microscopy.[244,276] We illuminate the 
particles through the objective with a white-light beam (Energetiq) and 
record wide-field images of the scattered intensity for a set of band-pass filters. 
Figure 4.3b shows an example of such a scattering spectrum for a single 
nanoparticle. As before, clusters are identified based on their non-Lorentzian 
lineshape and broad linewidth, and they are subsequently discarded from 
further analysis. 

After identification of the single particles in the field of view we introduce 
the imager strand (9 nt complementarity, in PBS with additional 500 mM NaCl) 
in the flow cell using a syringe pump and excite the ATTO647N label using 
a 637 nm fiber-coupled laser (intensity in the focal plane ~ 2 kW/cm2). 
The emission spectrum of ATTO647N is detuned by nearly 100 nm to the blue 
of the longitudinal plasmon of the used gold nanorods to reduce plasmon-
fluorophore coupling and minimize the ensuing mislocalization.[288–291] We record 
movies at 20 fps for at least 30 minutes. Transient hybridization of the imager 
strand to the docking strand on the particle results in bursts of fluorescence, 
a typical timetrace is shown in Figure 4.3c. 

To identify binding events we threshold the timetrace (see Figure 4.3d). In a small 
fraction of events the detected intensity fluctuates during an event, possibly 
due to blinking or reorientation of the fluorophore in the polarized excitation 
beam. These phenomena are corrected for to ensure such cases are treated 
as a single event. We then localize each event to identify whether it occurred near 
the particle, or on the substrate away from the particle (see Figure 4.3e). 
To achieve this we first subtract the 1PL background originating from the particle 
and fit the resulting point-spread-function with a 2D Gaussian using the maximum 
likelihood estimation method.[292] The obtained localizations are drift corrected 
using fiducial markers (particles with a strong 1PL signal), allowing 
for reconstruction of the particle geometry and identification of events that 
occurred away from the particle that were discarded from further analysis. Note 
that this filtering of events based on localization is only possible because 
we employ a fluorophore with an emission that is blue-shifted from the plasmon 
resonance, resulting in minimal mislocalization.[289,293–296] 

From the experimental data in Figure 4.3 we then finally construct a histogram 
of all dark times between individual binding events for each single nanoparticle, 
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and fit the histogram with an exponential distribution (Figure 4.3f). The mean 
dark-time can then be related to the number of docking strands on the particle 
using Eqn. 4.1.  

Figure 4.3: a) Typical field of view where each diffraction limited spot 
corresponds to one-photon luminescence from individual nanoparticles 
or clusters. b) Scattering spectrum of a typical nanoparticle measured using 
hyperspectral microscopy. The solid line shows a fit with a single Lorentzian.
c) Fluorescence intensity timetrace of the blue square ROI indicated in a). 
d) Bursts above a threshold level (dashed line) are detected, taking into account 
intermittent dark frames due to blinking. The red arrows indicate examples of two 
events that are identified. e) Individual events are localized, allowing us to identify 
events that occurred on the particle and events that occurred on the coverslip away 
from the particle. f) The dark-time between events is extracted from the timetrace 
(events away from the particle are discarded). The distribution of dark-times is
fitted with a single-exponential yielding the mean dark-time for each particle
in the field of view. 



58 

4.3 Results 

4.3.1 Specificity of DNA hybridization 
 Efficient suppression of non-specific interactions with both the particle 
and the nearby substrate are crucial to achieve accurate counting. The cyan 
timetrace in Figure 4.4a illustrates that imager strands bind dominantly to the 
functionalized nanorods with minimal non-specific binding to the glass coverslip. 
To ensure that the fluorescent bursts we observe are due to specific hybridization 
between the docking and the imager strands (rather than non-specific binding 
of the imager strand with the particle) we performed control experiments 
on nanoparticles functionalized with a mismatched docking strand. We used 
a 30 nt non-complementary docking strand and a 10 nt antifouling strand, and 
show corresponding typical timetraces in Figure 4.4a. Only very few molecular 
events are detected that are mostly localized away from the particle and are thus 
caused by non-specific binding to the coverslip. 

We extracted darktimes between the residual events inside the particle cloud and 
reconstructed histograms of the number of binding sites (Figure 4.4b,c). 

Figure 4.4: a) Examples of typical timetraces for particles functionalized with 
specific docking strand (cyan), and non-complementary 30 nt and antifouling 
strands. b) Histogram of mean bright times on individual particles, from which 
we determine the corresponding koff for DNA hybridization. Histograms
of number of binding sites are determined from 90 minutes measurements at 1 nM 
of imager for particles functionalized with 30 nt non-complementary strands 
c) and 10 nt antifouling strands d). 
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We observe a relatively narrow distributions characterized by a low mean 
of 0.4 and 0.8 apparent docking strands respectively, with majority of particles 
showing no detected fluorescence events and thus zero binding sites. 
However, the determined number of non-specific binding sites suffers from a high 
statistical error since only a few events were recorded over the 90 minutes 
of measurement. 

To further conclude that the signals in Figure 4.4a are due to specific interactions 
we determined the dissociation rate of the DNA hybridization. We take single-
molecular events inside the localization cloud (Figure 4.3e) and extract their bright 
times, and find a mean bright time of = 550 ± 275 ms  corresponding to the 
mean dissociation rate of  = 2.2 ± 1.0  s-1 matching well with the literature 
for this sequence.[286] These observations indicate that interference from non-
specific interactions after localization filtering is minimal. 

4.3.2 Heterogeneous particle functionalization 
 We then measured the number of docking strands per particle after 
functionalization with a low pH coupling protocol,[219,221] which we thoroughly 
investigated in Chapter 3. We varied the time of incubation of a 5 μM solution 
of 30 nt thiolated docking strand in citric acid buffer, and afterward we back-filled 
the DNA coating using a 5 μM solution of 10 nt thiolated strands (Figure 4.1b). 
Histograms of the distribution of the number of docking strands per particle are 
shown as histograms on a log-log scale in Figure 4.5. For short incubation times 
of a few seconds we find very heterogeneous functionalization, where the number 
of docking strands ranges from zero to two hundred per particle. However, as the 
ssDNA functionalization progresses by an extension of the incubation time 
we find only a slight increase in the maximum number of binding sites but 
a significant reduction in the heterogeneity. 

This suggests that individual particles undergo a vastly different rate 
of functionalization, but that the number of ssDNA converges at timescales 
of a few hundred seconds. This is in agreement with the results in Chapter 3 where 
we probed plasmon shifts to study the kinetics of ssDNA coating, where we indeed 
found a large range of initial functionalization rates.[276] For longer incubation 
times the protocol reaches a plateau at 180 ± 77 binding sites per particle with 
strongly reduced particle-to-particle differences.  

4.3.3 Contributions to inter-particle heterogeneity 
 The single particle approach gives crucial information on the particle-to-
particle differences in the number of docking strands. The underlying sources of 
heterogeneity can be quantified by the total variance of a measured 
distribution , which can be rewritten as a sum of individual contributions as 

 = + + , 4.2 
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where  represents a variance due to the underlying size distribution 
of the particles,  stands for the intrinsic variation due to the randomized 
number of strands per particle following Poisson statistics. The factor  
represents the counting error due to a finite number of detected events, which 
we neglect in this analysis because under our optimized conditions 
it is substantially smaller than the other contributions. Assuming normally 
distributed variables is a convenient approximation although we note that 
e.g. the Poissonian contribution only approximates a normal one for large values 
of . The particle size distribution is well approximated by a normal distribution, 
whereas the residual heterogeneity can in principle have any distribution function. 
Nevertheless, this approximation allows us to conveniently disentangle 
the different contributions to the heterogeneity, and any heterogeneity beyond 
the expected  is due to sub-optimal functionalization protocols. 

The contributions from  and  can be estimated a-priori. The latter 
can be expressed as = , and is dominant over  for low values 
of . For high values of  the term  dominates, which we estimate 
by assuming a ssDNA docking strand footprint of ~16 nm2 using a conical 
representation of the ligand. We previously applied this model in Section 3.3.2, 
and a detailed discussion about the model can be found in Appendix 2. Further we 
measured the exact dimensions of the nanorods using TEM, to obtain 
the maximum number of docking strands per particle and its standard deviation 
of = 338 ±  85 ( ± ) . For one hour of incubation we find in our 

Figure 4.5: a) Suppression of heterogeneity in particle functionalization 
by prolonging the incubation time. The grey shaded areas are the expected 
distributions based on the contributions due to the particle size-distribution,
and the random nature of the ssDNA functionalization. In b) these two
contributions are disentangled, showing that at low numbers of sites 
the contribution due to the Poisson distributed number of strands for equally sized 
particles dominates, whereas for larger mean numbers of strands the heterogeneity
is dominated by the particle-size distribution.  



61 

experiments that = 180 ±  77  and find that our particles load 
approximately to half of the theoretical prediction. This moderate mismatch 
is possibly caused by steric effects and electrostatic repulsion between randomly 
absorbed ssDNA strands hindering close-packed functionalization. Comparing 
the estimated spread to the experimental results (Figure 4.5) we find a drastically 
broadened distribution compared to our expectations for short incubation times. 
For the 3 second incubation time the spread in the number of binding sites 
is ~ 5 fold higher than expected. We attribute this,  in concert with our 
previous ensemble-averaged study, to a heterogeneous binding rate[276] caused by 
particle-to-particle differences in the zeta-potential,[253] or possible remaining 
CTAB residuals.  

4.3.4 Tuning the number of functional groups 
 Many applications will benefit from precise control over the number of 
receptors on the particles because the kinetics of a particle-based sensor depends 
on the number of functional groups,[143,297] and in nanomedicine applications the 
specificity and efficiency of delivery relies on matching the receptor density on 
the particle with the one on the cell membrane. Controlling the number of 
receptors is often done by mixing in a second ligand that functions as a spacer, 
where it is assumed that the number of receptors on each particle is proportional 
to the mixing fraction. To verify this simple extrapolation for DNA-functionalized 
particles we varied the density of docking strands by employing a mixture with a 
short antifouling strand at varying fractions. We then count the number or docking 
strands on each individual particle after 1 hour of functionalization. The results 
are shown in Figure 4.6a, where we observe that for a high fraction of docking 
strands the number of receptors per particle indeed follows the expected linear 
trend. However, for low fractions of docking strand we find a significant 
broadening of the distribution, and a deviation from the linear scaling. Moreover, 
the particle-to-particle differences are amplified at low fractions of docking 
strand.  

To identify the origin of this non-linearity we incubated the samples with a 1 % 
fraction of docking strand and vary the incubation time (Figure 4.6b). The data for 
a very short incubation time of 10 seconds shows a very broad distribution, mainly 
due to the contribution of non-specific interactions indicated by the shaded area. 
A general trend can be observed in Figure 4.6b where the maximum number of 
docking strands is reached in approximately one hour ( = 20 ), when the 
functionalization is also most heterogeneous. A further increase in the incubation 
time surprisingly reveals a slow decrease in the mean number of binding sites 
while also the heterogeneity decreases. For the longest measured incubation time 
of five days we find an almost 4x reduction in the mean number of binding sites 
to = 5, and find a nearly 10-fold reduction in the heterogeneity compared to 
1 hour of incubation. Interestingly, for these long incubation times the counted 
number of binding sites approaches a plateau that is very close to the theoretically 
predicted number of sites based on the average particle dimensions and DNA 
footprint (marked by the black arrow in Figure 4.6b). 
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4.3.5 Ligand reorganization at long timescales 
We hypothesize that three mechanisms might be at play that cause the observed 
trends in Figure 4.6: i) DNA release from the particle, ii) ligand exchange of 30 nt 
docking strand with 10 nt strands, or iii) ligand reorganization. The first 
contributor can be ruled out based on the timescale of our incubation because 
earlier studies concerning release of thiolated ssDNA from the surface of gold 
nanospheres reported unbinding of only ~ 1.5 % of ssDNA at room temperature 
per day.[298] We observe a substantially greater reduction, ruling out the thiol 
release as the main mechanism to the gradual reduction in the number of counted 
docking strands. 

To check mechanism ii) we incubated the samples with 1 % docking strand for 
one hour, subsequently washed them to remove the residual unbound DNA and 
left particles in pure citric acid buffer for two days. In Figure 4.7a we show 
the obtained results (green distribution) and compare them directly to samples 
incubated for 1 hour (pink) and two continuous days (cyan). In agreement with 
Figure 4.6 we again observe a decrease in the mean number of binding sites 
compared to a 1 hour incubation. The results for a 2 day incubation in the DNA, 
and a 1 hour incubation in DNA followed by a 2 day incubation in buffer show 
similarly heterogeneous distributions. This allows us to conclude that ligand 
exchange is not the dominant effect because the sample aged in the pure citric acid 
buffer for two days has negligible residual ligands present in the pure buffer 
solution. We further confirm this by results for 100 % docking strand 
functionalization which we show in Figure 4.7b. We again observe the same 
trends in the measured data as previously for 1 % docking functionalization. 

Ligand reorganization is therefore the dominant factor, where we hypothesize that 

Figure 4.6: a) Controlling the number of functionalized docking strands.
The black solid line corresponds to a slope of 1. b) Incubation series using 1 %
docking solution. The black arrow corresponds to the theoretical prediction 
based on our model. The contribution of non-specific events is marked 
by the shaded area.  
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desorption of non-specifically bound docking strand combined with 
rearrangement of thiol-bound docking strand are at play, illustrated in Figure 4.8. 
The timescales on which this behavior is observed is in good agreement with 
the timescales involved in formation of self-assembled monolayers on metals, 
where slow diffusion and rearrangement of thiol-bound ligands leads 
to reorganization of molecular layers.[268] The rearrangement may therefore 
include such diffusion of interface Au atoms with a ssDNA attached to it, but may 
also involve changes in accessibility of the docking strand for hybridization with 
imager strands. We note that ligand reorganization was observed before on gold 
nanorods,[280] but these experiments were performed in air resulting in initial 
collapse and thermally induced regeneration of the particle coating. The current 
experiments provide a direct quantification in aqueous media that is often used 
in biomedical devices, and thus provides a method to optimize the number 
of  ligands per particle for applications such as sensing and delivery.  

The future combination with super-resolution localization microscopy is attractive 
because it will provide insight into the distribution of receptors on the surface 
of the particle, and may facilitate the development of functionalization protocols 
that provide control over receptor location. Such localization microscopy has 
already been applied to large (micron-sized) polystyrene spheres[285] and 
has revealed that e.g. microswimmers are propelled due to an anisotropic 
distribution of enzymes on their surface,[283] and heterogeneous protein absorption 
over-time leads to largely different protein corona compositions between 
individual particles related to the surface chemistry and degradability of the 
studied particles.[282] For nano-sized particles, and particularly plasmonic ones, 
the use of localization microscopy will require further development of the 
technology to correct for mislocalizations induced by plasmon-fluorophore 
coupling. Although for fluorophores that are blue-shifted by > 100 nm from the 
plasmon resonance the mislocalization is limited to ~ 5 nm,[289,293–296] a general 

Figure 4.7: Ligand reorganization evidenced by the incubation of samples 
in DNA solutions with a) 1 % and b)  100 % docking strand  for 2 days, and 
in DNA solution for 1 hour followed by incubation in buffer for 2 days.  
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approach to resolve functional groups on metallic particles will require a refined 
method to correct for mislocalization that accounts for the spectral properties 
of dye and particle, and their relative position. Although complex, this will 
provide the attractive opportunity to obtain the true location of the functional 
group and characterize the molecular composition of particle coatings at the 
single-molecule level, and may even enable the tracking of single functional 
groups during the slow ligand reorganization that we observed. 

4.4 Conclusion 
 We directly counted the number of binding sites on individual single 
nanoparticles in aqueous solution using stochastic single-molecule interactions. 
For a typical measurement time of 45 minutes the method exhibits a counting 
precision better than 5 % with a near-unity counting accuracy for a large range 
of functionalization densities. Statistical analysis of the interaction kinetics 
indicated that the particle-to-particle differences we observe are dominated by the 
particle-size distribution for large particle sizes, but are substantially broadened 
for short incubation times and for low fractions of functional groups in a mixed 
monolayer coating. The residual contribution to the heterogeneity was minimized 
by extending the incubation time. The underlying mechanism points toward ligand 
reorganization over timescales of several hours to days before the coating reaches 
a state in which the particle-to-particle variations are limited by Poisson statistics. 
The methodology presented here enables quantification and optimization 
of coupling protocols in solution, and opens the window to obtaining molecular 
control over functionalization protocols for particle-based biosensors and drug-
delivery vehicles. 

Figure 4.8: Cartoon showing the emerging picture of ligand reorganization that 
follows from quantitative single-molecule counting.  
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Optimized coupling protocols, as well as the methodology and knowledge 
obtained in Chapters 3 and 4, are necessary to further investigate real-time 
molecular folding. Controlled monovalent particle functionalization with 
a biomolecule is of essence to successfully assemble the plasmonic nanoruler, 
of which dynamics can be subsequently monitored using its plasmon shift 
in an optical microscope. Before attempting real-time conformational dynamics 
experimentally, we first investigate the limits in the spatial and temporal domain 
for plasmonic dimers of different configurations.  
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5 PLASMON RULERS AS A 
PROBE FOR REAL-TIME 
MICROSECOND 
CONFORMATIONAL 
DYNAMICS⁑ 

  

  

 Biopolymers such as DNA, RNA and proteins exploit conformational 
changes to modulate their function. Although state-of-the-art single-molecule 
approaches enable identification of conformational states, the transition path and 
metastable intermediates often remain elusive because they occur on microsecond 
timescales. Here we introduce a method to probe conformational dynamics with 
microsecond integration times based on a heterodimer of plasmonic particles. 
By combining Brownian dynamics and electromagnetic simulations we find that 
integration times of 1 μs can be routinely achieved, providing the capability 
to identify short-lived intermediates and transition paths at the single-molecule 
level in real-time. Importantly, plasmon rulers require no specialized equipment 
but can be probed on existing fluorescence microscopes equipped with a fast 
camera. The approach combines the advantages of fluorescent probes (zero-force, 
parallelization) and mechanical probes such as optical tweezers (continuous 
microsecond integration times). They offer a unique opportunity to study 
conformational dynamics and compare measurements to full-atom simulations, 
where computational demands limit the simulation time.  

 

⁑ This chapter has been published as “ Plasmon Rulers as a Probe for Real-Time
Microsecond Conformational Dynamics of Single Molecules”, Nano Letters
2018, 18, 7927−793. 



68 

5.1 Introduction 
 Biomolecules like DNA, RNA and proteins form the basic machinery 
of life.[1] These biopolymers after their synthesis fold into a three-dimensional 
structure on sub-millisecond timescales,[34] and some undergo conformational 
changes in their folded form in response to external stimuli.[2–4] Theory predicts 
that the life-time of a conformational state is typically seconds or longer, 
but the transition between two conformations involves barrier crossing that occurs 
on short microsecond timescales. Real-time measurements of these transition path 
times are formidable challenge due to the broad range of timescales employed 
in molecular folding. To directly observe molecular folding itself and its event-to-
event heterogeneity, one has to repetitively probe the same biomolecule over 
extensive period of time with a microsecond time resolution. In Chapter 1 of this 
thesis we provided a detailed discussion of the current state-of-art of the single-
molecule methods to probe molecular conformational dynamics. We identified 
a need for a single-molecule method with a microsecond temporal resolution 
operating under zero-force conditions.  

We proposed the use of dynamic plasmonic nanorulers, whose optical properties 
and current applications are reviewed in Chapter 2. Published reports indicate 
that plasmon rulers reveal interparticle distances with sub-nanometer 
resolution,[167] while providing a photostable optical signal. Recent work 
by Ye et al. demonstrates the ability of plasmon rulers to measure 
the conformational dynamics of a protein with 30 ms time resolution.[182] 
However, their applicability to study micro-second processes in real-time remains 
unknown because thermal fluctuations of the interparticle distance introduce 
signal fluctuations at these short timescales. 

In this chapter we numerically study the limits in time resolution of dimers 
of metal nanoparticles as depicted in Figure 5.1a. A conformational change 
of the tether molecule will modulate the interparticle distance and shifts 
the plasmon resonance of the dimer [148,170] which thus acts as molecular ruler. 
If the scattered intensity is recorded at a single wavelength, a change 
in the distance between the particles leads to a change in the scattered light 
intensity. This makes the proposed experimental method directly compatible with 
any existing fluorescence microscope, with the main difference that we detect 
elastic scattering instead of the Stokes-shifted emission. This new implementation 
of plasmon rulers combines the advantages of fluorescent probes (zero-force 
conditions, wide-field imaging) and force-based methods (continuous 
microsecond integration times), paving the way to unravel the folding process and 
its heterogeneity in real-time.  

We numerically explore the limits of different plasmon rulers by a combination 
of Brownian dynamics simulations and electromagnetic modelling to show that 
a time-resolution of 1 μs can be routinely achieved with commercially available 
particles. Experimental observation of the angular orientation of gold 
nanoparticles at microsecond integration times have been demonstrated, allowing 
the simulations to be performed in that regime.[299] We compare two geometries, 
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namely the canonical plasmon ruler formed by a dimer of spherical gold 
nanoparticles, and a heterodimer with a gold nanorod as primary particle,[300] 
see Figure 5.1a. The primary particle in the canonical dimer is a 50 nm diameter 
gold nanosphere, whereas the heterodimer is constructed around a 20 x 70 nm2 
gold nanorod corresponding to the ideal size for biosensing applications.[245] These 
particle sizes were chosen because they exhibit a similar but large scattering cross 
section that enables the use of very small tether particles. 

The enhanced electric fields around the particles are shown in Figure 5.1b 
for excitation resonant with the plasmon wavelength. The fields around the 
nanorod are significantly stronger than the sphere, mainly because its longitudinal 
plasmon resonance occurs in the near-infrared, away from the interband 
absorption of gold. The evanescent field rapidly decays from the surface of the 
particle, inducing distance-dependent coupling between the particles. In that sense 
a plasmon ruler shares similarities with FRET, where distance dependent dipolar 
coupling between two fluorophores is exploited.[301] However, the plasmon ruler 
is sensitive to distance changes over a significantly longer range than a typical 
FRET pair, as we already discussed in Section 2.3. This sensitivity range can 
be further tuned by modifying the size of the primary particle, which modifies 
the decay length of the near-field.[302] 

Figure 5.1: Plasmon rulers for the measurement of biopolymer conformational 
dynamics and folding. a) Schematic representation of the canonical nanoruler 
geometry and the heterodimer geometry. Both systems are formed by a surface 
immobilized primary particle that is linked to a tether particle via a biomolecule.
b) Numerical simulation of the evanescent field around a gold nanosphere 
and nanorod resonantly excited at the (longitudinal) plasmon resonance.
The evanescent field rapidly decays from the surface of the particle, inducing 
distance-dependent coupling between the particles. c) Comparison of the
scattering spectrum of the nanoruler in the proximal and distal state. A change
in the interparticle separation leads to a change in the plasmon coupling 
and concomitant plasmon shift.  
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5.2 Methods and implementation 
 We first investigate the conformational changes of a two-state (open and 
closed) ssDNA tether that can form a hairpin structure as shown in Figure 5.2a. 
In solution-phase experiments the small tethered sphere will diffuse through 
the enhanced field and cause time-dependent shifts of the plasmon resonance due 
to a fluctuating interparticle distance. The change in the conformation of the tether 
leads to a change in the confinement of the tethered sphere. Typically, for a shorter 
tether the time-averaged interparticle distance is reduced leading to a red-shift 
of the plasmon resonance of the dimer. As shown in Figure 5.1c if these plasmon 
shifts are probed using a light source with a wavelength on the red wing 
of the plasmon, the shifts of the plasmon resonance are then translated to changes 
in the scattered intensity.[207] We use a numerical approach to simulate the optical 
signal generated by the dimer. The approach consists of four steps: 

i. The probability distribution for the position of the tether particle with 
respect to the main particle is evaluated by means of Monte Carlo 
simulations. These simulations take into account the persistence- and 
contour lengths of the molecular tether. 

ii. The Brownian motion trajectory of the tethered particle in this confined 
space is calculated. 

iii. The scattering spectrum corresponding to each position of the tether 
particle is calculated numerically using the Boundary Element Method. 

iv. The resulting time-dependent optical signal is calculated using specific 
experimental parameters such as probe wavelength, integration time 
and collection efficiency of the setup. 

5.2.1 Probability distribution of tethered particle position 
 In the first step we determine the configuration space (i.e. the position 
distribution) of the tether particle using a Monte Carlo simulation method.[122] 
The particles were simulated as spheres and the rods as spherically capped 
cylinders. The tether was attached to the side of the primary particle corresponding 
to the location with largest field enhancement (Figure 5.1b). The tether molecules 
were simulated as a Kratky-Porod chain[303,304], in which individual straight 
segments of length  with a persistence length of  were connected in series 
by joints with the bend angle θ and an associated bending energy:  

 = 2 , 5.1 

where  is the Boltzmann constant, and  the temperature. The chain was 
constructed segment by segment until the required chain length was reached, 
and the orientation of every next segment in the chain was drawn from 
a Boltzmann distribution:  
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 � � ������� ��� . 5.2 
The open state of the tether was modelled as 50 nucleotides ssDNA linked to the 
particles via a polyethylene glycol linker, i.e. PEG – ssDNA – PEG with the 
appropriate segment and persistence length for each component. The PEG 
components are neutral in charge and have a total contour length of 10 nm. For the 
simulation of PEG tethers in the system �� = 0.1 nm, � = 0.1 nm, for ssDNA 
�� = 0.63 nm and � = 3 nm were used.  

In the closed state we assumed that the stem (in red in Figure 5.2a) is far more rigid 
than the single-stranded portions of the strand, so that the particle-dynamics is 
determined by the 7 nucleotide single-stranded part (in blue in Figure 5.2a).[305,306] 
This means that the effective contour length of the DNA changes from 31.5 nm 
to 4.4 nm upon state switching. The design of the hairpin is based on systems 
studied using FRET with a few extra nucleotides to act as a spacer between 
the hairpin and the plasmon ruler.[92] 

After the construction of a potential chain configuration, the chain was checked 
against the boundary conditions thus excluding configurations with the overlap 
between chain elements, rod, particles, and the surface. If the chain configuration 

Figure 5.2: a) ssDNA molecule with a sequence that can form a DNA hairpin 
structure. b) The position distribution described by the calculated potential �(��⃗ )
of the tether particle, here plotted for the heterodimer in the open and closed 
conformations. The dashed lines indicate the size of the particles used in the 
simulation. c) The probability � gets more confined as the hairpin closes, leading 
a decrease in the average interparticle distance. This results in stronger plasmonic 
coupling between the particles and a red-shift of the plasmon (Figure 5.1c). 
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was found to be correct the parameter of interest, i.e. the position of the tethered 
particle, was extracted. This process continued until typically ≥ 2⋅105 valid chain 
configurations were found. 

Using the Monte Carlo simulation method, we approximated the position 
distribution of a nanoparticle that is tethered to a surface immobilized particle. 
From the position distribution for the open and closed states we determined 
an effective potential �(�⃗) that describes the confinement experienced by the 
particle due to the tether and the nearby interfaces. In principle the effective 
potential can be immediately calculated from the position distribution by inverting 
the Boltzmann distribution (Eqn. 5.2):  

 �(�⃗) = ���� ln�(�⃗) + �, 5.3 
in which � is a constant of integration and was chosen to set the lowest potential 
at zero. The probability density �(�⃗)  was smoothed [307] without introducing 
artefacts that arise from the sudden drop to zero at the edge of the excluded 
volumes. This resulted in a good approximation of the real potential 
and was further used as the effective potential in the Brownian Dynamics 
simulations. The potential is plotted for both the open and the closed conformation 
in Figure 5.2b, where we find a probability distribution with sharp boundaries 
dictated by the particle surface and underlying substrate.  

At physiological ionic strength the Debye length is < 1 nm, indicating 
that electrostatic interactions between the PEGylated particles and 
between a PEGylated particle and the ssDNA are effectively shielded. The 
maximum excursion of the tether particle is therefore determined by the 
contour length of the tether. 

5.2.2 Brownian dynamics simulations 
 Next, Brownian Dynamics simulations were used to simulate the motion 
of the particle as it experiences the restrictive effect of the tether described fully 
by the effective potential �(�⃗). Our implementation of the Brownian Dynamics 
uses an algorithm based upon a forward Euler implementation[308] of the Brownian 
motion of the particle that experiences the effective potential determined from 
the Monte Carlo simulations. The simulation incremented the position of 
the particle by a time-step Δt based independently on (1) the Brownian 
displacement, (2) the displacement due to the effective force giving  

 ��⃗ = ��⃗����� + ��⃗��������. 5.4 
Using the mean squared displacement equation 

 〈�⃗�〉 = 6���, 5.5 
the Brownian displacement ��⃗��������  was determined by randomly choosing 
the displacement from a three-dimensional normal distribution with a 6��� 
standard deviation, where � is the diffusion constant of the tether particle. The 
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effective force due to the tether exerts a drag � = 6���  on the particle with 
radius �  in environment of viscosity � , which effectively slowing down 
the particle diffusion 

 � = ��� � , 5.6 
The displacement due to the external effective force was determined  

 ��⃗����� = ��� � . 5.7 
The calculated displacements were corrected for boundaries of the system caused 
by particles and substrate. If tether particle is displaced outside the boundaries 
during any move, the move is not executed and time is not incremented. 

The timestep was optimized to minimize computational time and optimize 
the accuracy of the result. The aforementioned forward Euler method assumes that 
the acting force is constant, which is not the case. Therefore the timestep needs 
to be sufficiently short to minimize the error caused by a force changing in time. 
To ensure an adequate time-resolution for the interpretation of the data 
a maximum time step of 0.1 ns was used. We estimate the error using the expected 
Brownian motion; at a maximum timestep of 0.1 ns we expect a average Brownian 
displacement of 0.12 nm for a particle with a diameter of 5 nm, which provides 
an upper limit on the error in the diffusive move near the wall. We regard this 
as sufficiently small as it is below the van der Waals radius of an individual gold 
atom (166 pm). The result of the Brownian Dynamics simulation is the simulated 
position of the particle as a function of time. 

5.2.3 Electromagnetic calculations 
 In the third step we perform electromagnetic simulations to account 
for the fact that the scattering cross-section of the dimer depends on the position 
of the tether particle relative to the primary particle. The electromagnetic response 
of the plasmonic system was numerically determined using the BEM,[150,151,157] 
namely the MNPBEM toolbox developed at the University of Graz.[150] In BEM 
the materials are characterized by their dielectric functions, and the desired 
geometry is reduced to its surface which is discretized into a series of 
polygons. This enables the toolbox to solve the full Maxwell’s equations only 
at the particle boundaries.  

The primary particle was placed on a glass substrate in water, and the tethered 
particle was placed at the position of interest derived from the Brownian 
Dynamics. The effect of the ssDNA tether on the optical response of the particle 
is negligible and was therefore not explicitly modelled. For gold we used 
the dielectric function measured by Johnson and Christy,[138] the glass substrate 
is characterized by the dielectric function of BK7 glass,[309] the surrounding 
water is considered to be non-dispersive and is characterized by a dielectric 
constant �� = 1.77. Since the presence of a PEG coating on the particles only 
shifts the dimer’s plasmon wavelength and leaves the relative results unaffected, 
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Figure 5.3: Numerical BEM calculations for both plasmonic sensors for 
a ⌀ 20 nm tethered sphere. a) Scattering cross section in the proximal and the 
distal state of the tethered particle. Dashed lines represent optimum 
probe wavelengths. Spatial distributions of b) plasmon shifts and c) normalized 
scattered signal at probe wavelength ������  induced by the tethered sphere 
(locations in maps correspond to the geometrical centre of the tethered sphere 
as marked by a red dashed circle). The areas that the sphere cannot reach due to 
volume exclusion are visible as dark areas around the particles. Note that 2D 
projections are shown, whereas the calculations employ 3D distributions. 
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the PEG anti-fouling layer was not taken into account. As illumination we used 
a plane wave with a polarization parallel to the long-axis of the dimer, thereby 
exciting the longitudinal plasmon of the particle. 

We evaluated the full spectra of individual dimers (Figure 5.3a) to find the optimal 
probe wavelength positioned on the red wing of the dimer’s plasmon. Next 
the scattering and absorption cross sections were calculated at the probe 
wavelength for all positions of the tethered particle in the three-dimensional grid 
and were subsequently normalized to their respective references. These 
calculations were performed for all considered dimer geometries yielding a look-
up table of the optical response as function of the position of the tether particle. 
The Brownian motion trajectories obtained in step (ii) were then used to obtain 
the scattering cross-section of the nanoruler as a function of time �������, �������. 

5.2.4 Detected optical signal 
 Subsequently we calculated the detected number of photons ����(�) 
by taking into account the incoming photon flux, the collection efficiency of the 
setup (���� = 0.05), the integration time, and shot noise: 

 ����(�) = ���� ⋅ �������������, ������� ⋅ ������ ⋅ ����. 5.8 

The scattering cross-section at the probe wavelength �������, ������� was 
averaged over the integration time ����. The photon flux of the illumination light 
������ was chosen to limit the temperature rise on the surface of the nanoruler 
to 2 K, which minimizes thermal effects on the biomolecule and leads to 
negligible changes in the diffusion coefficient of the particles. At this maximum 
available incident intensity, the scattered intensity of the dimer is: 

 
����� = 4�����

������, �������
�������, �������, 5.9 

with � = 0.56 W ⋅ m�� ⋅ K��  the thermal conductivity of water, �  the radius 
of the sphere with volume equal to the particle dimer, and ���� the absorption 
cross-section of the dimer at ������  calculated using BEM simulations. 
The maximum photon flux can be expressed as: 

 ������ = ������
��/� . 5.10 

giving ������ = 3.0 ⋅ 10�� − 7.7 ⋅ 10��  m�� s�� for the dimer geometries 
considered here. 

Shot-noise was added to the detected signal by randomly drawing from a normal 
distribution with zero-mean and a variance of ����� , congruent with 
experimental shot noise on a high optical signal. The result is the experimentally 
recorded signal including all relevant noise sources.  Experimental observation 
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of the angular orientation of gold nanoparticles at microsecond integration 
times have been demonstrated, allowing the simulations to be performed 
in that regime.[299] 

We fully described the detected optical signal of a tethered particle for given tether 
length thus giving the signal corresponding to a conformational state of ssDNA 
hairpin. We focus on the signal change caused by conformational changes of 
a two-state (open and closed) ssDNA hairpin molecule, later we extend this 
to an arbitrary number of states. The detectability of a conformational change 
is quantified by the Signal-to-Noise Ratio (SNR). The number of detected photons 

( ) exhibits a mean and standard deviation: ± . If the state of the two-
state system changes between open and closed, or vice versa, this is observed 
as a change in the signal intensity: 

 = , , , 5.11 
with a compound deviation: 

 = + . 5.12 

We define the SNR as the ratio between the change in the mean intensity  
and the compound noise :  

 SNR =  . 5.13 

5.3 Results 
 In following section we simulate the thermal fluctuations of the plasmon 
rulers for different tether particle sizes. We evaluate ,  and ,  as well 
as their standard deviations  and  for both proposed dimer 
geometries. First we determine the SNR with which we can probe conformational 
dynamics as a function of the integration time of the detector. 

5.3.1 Dependence on detector integration time 
 Representative calculated timetraces for three different integration times 
are shown in Figure 5.4a-c for a dimer consisting of a rod and a tether sphere 
of 20 nm in diameter. The timetraces show the signals in the open and closed state, 
with an instantaneous transition at = 1  ms. The simulations reveal 
three regimes: 

i. For short integration times (Figure 5.4a), shot noise is the predominant 
contribution to the SNR. 

ii. For intermediate integration times (Figure 5.4b) the shot noise is similar 
in magnitude to the fluctuations induced by the Brownian motion 
of the tether particle (Brownian noise).  



77 

iii. For longer integration times (Figure 5.4c), the Brownian noise 
is dominant over shotnoise and gets averaged out leading to an increase 
in SNR with integration time.  

These three regimes are also recognized in Figure 5.4d, where we show the SNR 
as a function of  for the heterodimer and its different tether particle sizes. 
For the 5 nm tether particle the shotnoise is dominant across all  because the 
plasmon shift is small upon interparticle distance changes, leading to the expected 
scaling of the SNR as . The plasmon shift increases with tether particle size, 

Figure 5.4: a - c) Normalized detector signal ( )  for a heterodimer 
(20 x 70 nm2 rod, sphere Ø 20 nm) as a function of time for three different 
integration times  a) 0.01 μs – in the shot noise limited regime, b) 1 μs – in the 
intermediate regime, c) 50 μs – in the Brownian noise limited regime. The signal 
due to the Brownian motion and plasmonic coupling is shown in red, 
the signal with shot noise added is shown in blue. The first millisecond shows 
the signal of the system in the open state, the second millisecond in the closed 
state. d) The SNR of the detection of a state change between the open and 
closed state as a function of the integration time for heterodimer with satellite 
particle diameters of 5, 10, 14, 18 and 20 nm. The time needed by the tether 
particle to explore the available space in the open state, , is shown as open 
circles. e) The SNR of the detection of a state change between the open and closed 
state as a function of the integration time for homodimer with satellite sphere 
diameters of 10, 20, 30, 40, 50, and 60 nm. 
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and for tether particles larger than 10 nm a transition between the shot noise 
limited regime and regime limited by Brownian noise is observed for integration 
times between 0.2 and 2 μs. With larger tethered-particle sizes (14, 18, 20 nm 
in diameter), shot noise becomes less significant and the transition to the shotnoise 
dominated regime occurs at shorter .  

The SNR does not increase continuously with the tether particle diameter but 
has an optimum at 18 nm. This reflects the fact that larger particles become 
substantially larger than the near-field, contributing increasingly less to the 
plasmon shift. Additionally, a larger particle will have a lower diffusion 
coefficient, which reduces the SNR for shorter integration times because 
the Brownian motion is averaged less by integration of the signal, leading 
to the effective detection of more Brownian noise.  

In Figure 5.4e we further show the SNR as a function of  for the homodimer 
in which the primary particle is a sphere of diameter 50 nm, and we again change 
the size of the tether sphere. The temporal response of this sphere-sphere dimer 
is remarkably similar to the heterodimer, and we again observe a crossover from 
a shot-noise limited regime to a Brownian-noise limited regime on timescales 
of ~ 1 μs. Surprisingly, the SNR of the sphere-sphere dimer is similar in absolute 
values to the heterodimer, despite the larger primary particle and broader plasmon 
resonance.[139] The similarity in SNR is caused by a smaller absorption cross 
section of the sphere-sphere dimer allowing for a higher excitation power before 
the surface temperature increase exceeds 2 K. 

5.3.2 Characteristic time of the dimer 
 The ultimate resolution of the plasmonic ruler is defined by 
the characteristic time at which the tether particle explores all tether 
configurations. We will refer to this time as the characteristic lag time of the 
plasmon ruler . We quantify  by considering the autocorrelation function 
of the detector signal, which was fitted with a single exponential decay function 

 ( ) = / . 5.14 
to yield the characteristic correlation time . An example of a typical 
correlogram and fit is shown in Figure 5.5a for heterodimer with the tether sphere 
of 10 nm. The autocorrelation function is not strictly mono-exponential due to 
the complex tether potential and near-field profile of the dimers. The half-time 
provides an alternative, model-independent, parameter to characterize the decay 
time but leads to nearly identical results and does not affect our conclusions. 

Two major contributions determine : the diffusion constant of the particle and 
the length of the molecular tether. The open circles in Figure 5.4d-e show the SNR 
at an integration time equal to  of the open state. Note that  in the closed 
state is shorter, but the longer correlation time determines the shortest accessible 
timescales. We find a clear trade-off between the SNR and  because 
the smaller tether-particles diffuse faster but generate a smaller plasmon shift 
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upon conformational changes. Crucially, the heterodimer enables the observation 
of conformational changes of ssDNA hairpins with SNR ~3 with continuous sub-
microsecond integration times.  

A direct comparison of the characteristic lag time ���� for the two geometries 
is shown in Figure 5.5b, where we find that ���� is mainly determined by the 
diameter of the tether particle in the investigated size-regime. This implies that 
robust sensors with a well-defined temporal resolution can be constructed as long 
as the diameter of the tether particle is well controlled. Current synthesis protocols 
for gold spheres result in a size distribution with a coefficient of variation 
of no more than 10%, yielding the required control over ����. 
 

 
Figure 5.5: a) Correlogram of the autocorrelation of the plasmonic signal for 
a rod-sphere nanoruler. The characteristic lag time is determined from the single-
exponential fit at ���� = 0.57 μs . b) The characteristic lag time ����  for 
the heterodimer and sphere-sphere dimer as a function of the diameter of the tether 
particle. The corresponding SNRs for ���� = ����  are around 2 for all 
tether particle diameters. The dashed line indicates a linear guide to the eye 
(slope of 50 ns/nm).  

5.3.3 General contour length change 
 Up to now we considered a two-state switching tether with a fixed initial 
and final contour length. However, many biomolecules exhibit short-lived 
intermediates in their folding trajectory with microsecond lifetimes, prime 
examples are metastable intermediates of small folding proteins,[20] partially open 
intermediates associated with membrane transporters,[310] and pseudoknots 
in oligonucleotides.[311] Such metastable states have typical lifetimes of some tens 
of microseconds, but can currently not be detected directly. In Figure 5.6a 
we show a simulated timetrace of an oligonucleotide that exchanges between three 
conformations on microsecond timescales. Extraction of the underlying states 
using change-point analysis [312] illustrates the capability of the plasmon ruler to 
reliably detect short-lived intermediate conformations. This also allows us to 
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generalize our results to an arbitrary conformational change by considering 
a change in contour length from ����� to ����. We focus on the heterodimer and 
numerically evaluate its capability to resolve these transitions for an 18 nm 
diameter tether particle at ���� = 1 μs. We plot the results in Figure 5.6b, where 
contour lines indicate the SNR achievable for a certain �� = ���� � �����. 
As expected, larger values for �� lead to a higher SNR for detection of the state-
change, reaching SNR > 3.5 for �� = 40 nm. We find that a certain �� can be 
resolved with higher SNR for shorter �����. This is explained by three effects: 

i. at shorter ����� the relative change in contour length is larger, 

ii. due to the increased effect of molecular coiling at larger tether lengths the 
time-averaged particle-separation scales sub-linear with contour length, 

iii. the plasmon shift for a certain value of �� is larger if it occurs closer 
to the nanorod surface because the gradient in the near-field is higher 
(Figure 5.1a).  

The required SNR to extract a state-change depends on the lifetimes of the 
intermediate states and the used analytical method. For example, detection 
of a state-change by simple thresholding requires a SNR ~ 2, while hidden 
Markov modelling can analyze state changes at lower SNR.[313–315] At SNR = 1 
discrete contour length changes of 3 nm → 5.5 nm → 9 nm → 15 nm → 35 nm 
are detectable and directly relevant to the folding of e.g. aptamers, DNA 
hairpins and polypeptides. This implies that under optimized conditions 
up to 5 individual states can be distinguished, providing the opportunity to 
e.g. investigate multi-state folding. 

Our simulations assume that the tether particle is attached on the tip of the primary 
particle. Attachment to the side of the nanorod would lead to a factor 5 lower 
signal and thus factor √5 lower SNR ratio in the shotnoise limited regime. For the 
heterodimer a tip-specific functionalization is thus preferred and can be achieved 
using site-specific functionalization protocols reported in literature.[316–319] 
In addition, pioneering work by Mirkin and Alivisatos allows for the synthesis 
and purification of monovalent constructs.[191,192] For the heterodimer the optimum 
signal-to-noise ratio is then achieved by employing a linearly polarized excitation 
field along the nanorod-axis (Figure 5.1a). For the sphere-sphere dimer 
the orientation of the dimer is modulated by the position of the tether particle, 
so in this case circularly polarized light results in maximum SNR. 

5.4 Conclusion 
 Our numerical simulations show that plasmonic nanorulers 
are a promising platform to study the conformational dynamics of molecules 
in real-time at microsecond timescales. Due to the brightness and photostability 
of the plasmon resonance the temporal resolution is not limited by shot-noise 
but rather by the diffusion of the tether particle that introduces fluctuations 
of the optical signal. The use of a large primary particle allows for the use 
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of a very small tether particle thus minimizing interference of the molecular 
dynamics. The ultimate temporal resolution is approximately three orders of 
magnitude higher than state-of-the-art smFRET due to a higher photon budget, 
and approximately ~10 times higher than recent force-based methods 
owing to the nanometer-sized tether particles.[66,75] Surprisingly, we observe 
a very similar response between both types of dimers due to the compensating 
effect of the ratio between the absorption and scattering cross-section.  

One of the strengths of smFRET is the ability to probe many constructs 
simultaneously in the field of view of the microscope to acquire statistics. 
Plasmon rulers are equally well probed in parallel by imaging the scattered 
signal on a camera,[207] where access to microsecond timescales is warranted 
by an intensified CCD camera or by commercially available high-
speed CMOS cameras. This makes the experimental implementation of 
plasmon rulers straightforward because the microscope required is already 

Figure 5.6: a) Timetrace of a three-state DNA hairpin representing a system with 
an intermediate metastable state, simulated for ���� = 1 μs  and ���� = 5 %.
The red line presents the analysis of the timetrace using a change point
step finding algorithm.[312] The dimer consists of a nanorod of 20 x 70 nm2

and a tether particle with a diameter of 18 nm. The colored bar at the top of the 
graph represents the state of the system. The contour lengths of the three states
are respectively 50 nt for the open state (31.5 nm, blue), 20 nt for the 
intermediate state (12.5 nm, green) and 7 nt for the closed state (4.4 nm, red). 
The states have a random lifetime between 30 and 150 μs. b) The calculated SNR
for an arbitrary change in the contour length of a ssDNA tether for ���� = 1 μs.
The SNR is shown as a contour plot with the initial and final contour length of the 
ssDNA tether on the x-axis and y-axis. Note that under all conditions 
the Brownian motion of the tether particle is the limiting factor; the shot noise 
is negligible. The red crosses correspond to the DNA contour length change 
occurring between the open, intermediate and closed state of the hairpin. 
The dashed line indicates zero change in contour length.  
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available in nearly any research laboratory. Plasmonic nanorulers 
therefore overcome important hurdles in existing techniques and combine 
the advantages of smFRET (zero-force conditions, parallelization) and force-
based methods (continuous microsecond integration times), paving the way 
to start unraveling the folding process and its heterogeneity in real-time. 

In our simulation results the most optimal system for the observation of molecular 
dynamics with an integration time of 1 μs is a nanorod with dimensions 
20 x 70 nm2 with a tether particle of ⌀ 18 nm. In the following chapter we use 
nanoparticles of such dimensions and focus on the experimental assembly 
of the proposed plasmonic dimer, and explore its use to study conformational 
changes of single-molecules. 
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6 A HETERODIMERIC 
PLASMON RULER FOR 
SINGLE-MOLECULE 
CONFORMATIONAL 
DYNAMICS 

 

 

 

  

 We present a method to assemble a plasmonic ruler consisting of 
a nanorod-nanosphere heterodimer interconnected by a ssDNA hairpin. 
After optimization of the particle antifouling coating, the ssDNA hairpin is 
conjugated between the particles using two orthogonal crosslinking chemistries: 
EDC/NHS coupling in combination with copper-free click chemistry. 
We continuously monitor hundreds of individual plasmonic rulers using a wide-
field microscopy with millisecond temporal resolution. We classify the observed 
dynamic behavior based on the characteristic times using autocorrelation 
analysis, and the constructs showing characteristic times of 1 – 2 seconds 
are ascribed to the single-molecule hairpin switching. Further we extracted dwell 
times in the open and closed molecular states for individual plasmonic rulers, 
and found them to be exponentially distributed in line with the single-molecule 
switching behavior. Their corresponding mean dwell times show that 
the molecular switching occurs on timescales of ~ 1 second, which is in 
excellent agreement with theoretical predictions for a hairpin with a stem-region 
of 10 nt used here. 
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6.1 Introduction  
 Visualizing molecular folding transitions is a complex task since these 
transitions appear at short timescales and at nanometer length scales, which are 
difficult to access using standard experimental approaches.[9,10] Full-atom 
molecular dynamics simulations have provided structural and dynamic 
information required to understand the molecular folding mechanism and 
to establish an underlying theoretical background.[11–13] These simulations have 
hinted that the pathway that a biomolecule follows from an unfolded to a folded 
state is likely heterogeneous (i.e. the exact pathway followed differs from 
molecule-to-molecule, and from transition-to-transition) and involves in most 
cases short-lived intermediate states.  

Resolving these pathways therefore requires a single-molecule approach. 
In Chapter 1 of this thesis we have outlined current single-molecule biophysical 
methods being used to study these transitions. However, none of these approaches 
provides access to microsecond timescales without the application of an external 
force (Figure 1.5). In Chapter 5 we have shown that heterodimeric plasmon rulers 
may provide the possibility to achieve this, with integration times in the low-
microsecond regime.  

In this chapter we report the experimental assembly of the heterodimer, with 
dimensions based on the design rules we obtained in the previous chapter. 
As a model system we use a ssDNA sequence forming a structure with two 
conformational states: either the unfolded stretched conformation, or the 
secondary hairpin-like structure (Figure 6.1a,d). We probe the molecular 
switching by scattering-based microscopy using total-internal-reflection 
excitation on millisecond timescales. A shift of the plasmon resonance induced 
by changes in nanorod-nanosphere proximity then induces a change in the 
detected scattered intensity (Figure 6.1b). We continuously monitor the scattered 

Figure 6.1: a) Schematic of the heterodimeric plasmon ruler interconnected 
by a dynamic ssDNA hairpin. b) Switching between the closed and open states 
is probed using narrowband excitation, in which changes in nanorod-
nanosphere proximity are revealed as modulations in the scattered intensity. 
c) The dynamics is probed in a wide-field optical microscope using total-internal-
reflection excitation, allowing for the probing of hundreds of rulers in parallel. 
d) Design of the ssDNA hairpin, including a 10 nt stem region and a 30 nt loop. 
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intensity from hundreds of individual rulers in parallel using a wide-field 
microscope (Figure 6.1c) revealing interparticle distance changes over time 
caused by the dynamics of the interconnecting biomolecule. The hairpin 
is designed using a stem-region of 10 nt (Figure 6.1d) resulting in switching 
that occurs on timescales of ~1 second.[32] After optimization of the particle 
coating we experimentally measure the dwell times in the closed and open 
states of the ssDNA hairpin, which are in excellent agreement with 
theoretical expectations.  

6.2 Assembly of a heterodimeric plasmon ruler 
 Here we describe our strategy to experimentally prepare the plasmonic 
dimer consisting of an immobilized gold nanorod and a tethered gold nanosphere 
in order to experimentally investigate conformational changes of the 
interconnecting ssDNA hairpin (Figure 6.1). The numerical models presented 
in Chapter 5 supply us with design rules for the particle dimensions and DNA 
tether. We therefore used colloidal gold nanorods of 20 nm diameter and a length 
of 75 nm and gold nanospheres of 20 nm in diameter. The ssDNA hairpin consists 
of a 66 nt strand with a 10 nt complementary stem loop, similar to the design 
simulated in Chapter 5 (for the sequence see Table 6.3). 

The design of the dimer and optimization of the protocols used for its assembly 
ideally achieve the linking of a single gold nanorod to a single gold nanosphere 
via a single ssDNA tether. The left side of Figure 6.2a shows this ideal case where 
a gold nanorod is immobilized on the glass surface, while the nanosphere 
undergoes Brownian motion restricted only by the single ssDNA tether, i.e. no 
other physical connection is established between the particles.  

The right side of Figure 6.2a sketches the undesired geometries arising from non-
specific interactions between the particles, and between the particles and the 
ssDNA. In the following paragraphs we describe a step-by-step optimization 
of the assembly to avoid such undesired configurations, and to practically 
assemble a functional plasmonic nanoruler.  

We have two main strategies at our disposal to prepare a functional sample. The 
first one (mostly used in the chemistry community) is a solution-based approach, 
where the coupling of molecular ligands is performed on solution-phase 
nanoparticles in a flask. A clear advantage of this strategy is its high throughput 
because high concentrations and larger volumes of particles can be processed in 
a relatively short time. However, such an ensemble approach suffers from a lack 
of control and typically yields a large range of multi-particle assemblies that 
requires purification steps to isolate them. The second strategy is a bottom-up 
approach where the particles are assembled step-by-step on a solid substrate. This 
provides the unique opportunity to monitor every step in the functionalization 
process in real-time using optical microscopy and spectroscopy. 

We employ a combination of both strategies (Figure 6.2b): We prepare gold 
nanospheres decorated with ssDNA hairpins in solution, while the nanorods are 



86 

spincoated onto glass coverslips and subsequently functionalized with antifouling 
molecules in a flow cell. Once functionalized, the pre-decorated gold spheres 
are introduced in the flow cell allowing us to monitor the nanorod-nanosphere 
conjugation in real-time using single-particle microscopy and spectroscopy. 

To prevent the non-specific interactions as sketched in Figure 6.2a with 
an exposed gold surface we first optimize the antifouling coating on the 
nanoparticles (Figure 6.2c). This coating should (1) suppress non-specific 
interactions between the tether nanoparticle and the main particle, (2) suppress 
non-specific interactions between the particles and the DNA tether itself, and (3) 
allow for the specific and oriented conjugation of the hairpin. In the next three 
sections we discuss these aspects separately. 

Figure 6.2: a) Scheme of the proposed plasmonic dimer with the left side showing
the ideal monovalent tethering with no non-specific interactions, and the right side 
illustrating possible non-specific interactions that should be prevented. 
b) Our proposed experimental assembly of the plasmonic nanoruler system.
c) Antifouling coating of nanoparticles based on PEG. We incorporated functional
groups for further coupling of ssDNA d) to the coated nanoparticles.  
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6.2.1 Anti-fouling against nanoparticle-nanoparticle interactions 
 First, we optimize the anti-fouling coatings on the nanorods and the 
nanospheres, and test their non-specific interactions against each other. 
We spincoated the gold nanorods on a thiolated glass coverslip, and subsequently 
rinsed the coverslips with 1 M NaCl, PBS, MQ water, ethanol, methanol, and 
finally blow dry with N2. Subsequently, the surface immobilized nanorods were 
functionalized with varying anti-fouling coatings by flowing the respective 
solutions into the flow chamber. In Figure 6.2c we show the employed antifouling 
molecules SH - PEGn – OH (n ~ 7 – 8) (400 Da) and SH - C11 - PEG3 - OH 
(330 Da), which we incubated with particles at a concentration of 10 mM in PBS 
for 1 hour or overnight. Although similar in molecular weight, the C11-PEG chain 
will create a self-assembled monolayer (SAM) on the gold particle, whereas the 
other PEG will form a mushroom-like conformation.[320–322] We observed, for 
incubation times longer than 1 hour, that particles functionalized with SH - C11 - 
PEG3 - OH tend to desorb from the glass coverslip likely because the dense self-
assembled monolayer on the particle competes with the thiol-linkages between the 
glass coverslip and the particle. After the PEG functionalization the slides were 
rinsed with 1 M NaCl, PBS, MQ water, ethanol, methanol, sonicated in methanol 
bath for 15 minutes, and then stored in MQ. The coverslips were inserted into the 
flow cell, and the samples were further investigate by single-particle microscopy 
and spectroscopy as described in the previous chapters. 

As tether particle we used colloidal gold nanospheres (Sigma Aldrich) with 
an average diameter of 20 nm that were functionalized in a flask. Gold spheres are 
initially stabilized with citric acid giving them poor colloidal stability at ionic 
strengths exceeding 10 mM. Therefore we first perform a ligand exchange on 
these particles to replace citric acid with bis(p-sulfonatophenyl)phenylphosphine 
(BSPP) by incubation with BSPP at 10-100 mM for at least 48 hours. Repeated  
centrifugation and redispersion in 1 mM BSPP solution ensured the efficient 
removal of citric acid. The particles were then incubated overnight with 
a 107 times molar excess of SH – PEGn – OH or SH – C11 – PEG3 – OH. Repeated 
centrifugation and redispersion in PBS diluted to 45 mM ionic strength was used 
to remove excess ligands from solution. 

A 5 nM solution of the coated gold nanospheres was then pumped into the flow 
cell containing the immobilized nanorods. The dynamic plasmon shifts 
of individual nanorods were monitored by dark-field scattering microscopy using 
a superluminescent diode with a center wavelength of 793 nm for ~30 minutes. 
Non-specific interactions between spheres and rods then result in (transient) 
plasmon shifts that are observed as step-wise changes in the scattered intensity, 
see for more details Section 3.2. These measurements showed a mix of behaviors 
(Figure 6.3) that we classified into three distinct regimes: 

i. The transient interaction of spheres to a gold nanorod is characterized by 
short spikes in the signal mean, which after several consecutive frames 
drop back to the baseline value (Figure 6.3a). We find a broad range of 
spike-durations with a large population of spikes lasting < 200 ms 
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(4 frames, Figure 6.3b). Considering that the characteristic time required 
for a 20 nm diameter sphere to diffuse through the near-field of the 
nanorod is < 10 μs, all events we observe here are attributed to transient 
sticking with a low affinity. 

ii. Often the temporary sticking of a sphere result in tethered particle motion 
(TPM) of the sphere. This regime is analysed in Figure 6.3c where 
a sphere sticks and appears to be firmly bound via the PEG coating, 
however dettaches and starts to diffuse in a confined space in the 
nanorod’s proximity. Such non-specific TPM is characterized by a rapidly 
fluctuating signal, sometimes between two clear levels of signal 
intensity determined by the proximal and distal states of the tethered 
sphere (Figure 6.3d). Such non-specific TPM is found to last from a few 
seconds to even hours. 

Figure 6.3: Three examples of typical timetraces and their quantitative analysis 
for non-specific rod-sphere interactions classified by the three regimes described
in the text. 
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iii. In the last regime strong interactions between the sphere and the nanorod 
result in the permanent binding and immobilization of a sphere on the 
rod surface (Figure 6.3e). This is characterized by a permanent change 
of the signal mean level for the remainder of the measurement. These 
well-defined signal changes allow for the direct counting of the 
permanently bound spheres from the signal histogram (Figure 6.3f). 

Although the example timetraces in Figure 6.3 show three distinct regimes, often 
a mixture of all regimes is detected instead. To quantify the antifouling 
performance we first examine the appearance of the individual regimes in our 
measurements for different antifouling coatings. Pie charts in Figure 6.4a 
summarize the relative appearance of the three classes of behavior that we 
observe. Comparing bare (that is: BSPP coated) particles with the PEGylated ones 
we find a substantial reduction in the fraction of particles that permanently binds 
gold spheres, particularly for the self-assembled monolayer of PEG. On the other 
hand, the self-assembled monolayer of PEG increases the fraction of assemblies 
that exhibit non-specific TPM.  

We further analyzed the particles showing non-specific TPM by correcting 
individual timetraces for thermal drift and manually counting the number of non-
specifically tethered spheres for each single gold nanorod. We plot the 
measured distributions for different particle coatings in Figure 6.4b. 
Interestingly, we find similar distributions of the number of non-specifically 
tethered spheres for the different coatings. Using the same procedure we 
also counted the number of permanently bound spheres, Figure 6.4c summarizes 
these distributions. We find a significant reduction in the number of 
permanently bound spheres when both particles are functionalized with PEG 
where particularly the self-assembled monolayer of SH – C11 – PEG3 – OH 
performs well. 

The coating with the best antifouling properties against other nanoparticles 
is found to be the SAM of SH – C11 – PEG3 – OH, although we observe a higher 
fraction of non-specific TPM for this coating. In addition, the presence of the 
dense SAM sometimes results in poor attachment of the nanorods to the substrate, 
causing “wiggling” particles. Such wiggling particles can be identified before 
introducing the spheres, and thus can be discarded from the analysis. For the later 
measurements shown in this chapter the permanent and strong binding of gold 
spheres is not an issue because of the lack of dynamics in the signal, and we will 
see that these non-specific TPM can be separated from hairpin dynamics based 
on its short timescales. 

6.2.2 Anti-fouling against nanoparticle-DNA interactions 
 We now focus on the antifouling properties of the nanoparticles against 
the non-specific sticking of ssDNA. We characterize interactions of coated 
nanoparticles with a non-modified ssDNA (Table 6.1). All experiments were 
performed in the flow cell in citric acid buffer of pH 3 with additional 
1 M of NaCl. We pump the ssDNA analyte into the flow cell using a syringe pump 
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at a flowrate of 100 μL/min. After completely filling the flow channel 
we turn off the pump and monitor the plasmon shift as a function of time. 

We measured dynamic plasmon shifts of individual nanorods using a SLD 
(793 nm) during their interaction with 1 μM of non-modified ssDNA. 
As in Chapter 3 these measurements convert plasmon shifts to a change in the 
scattered intensity, which is quantified by plotting the contrast equal to 

 contrast = , 6.1 

as a function of measured plasmon wavelength of each individual particle, 
see Figure 6.5: Plasmon shift contrasts (see Eqn 6.1) induced by non-specific 
binding of non-modified ssDNA. We find a relatively strong non-specific sticking 
of the non-modified ssDNA to bare gold nanorods characterized by a maximum 
contrast of ~ 10 % (equivalent to a plasmon shift of 4 nm ).  By 
functionalizing the nanorods with SH – PEGn – OH we find a mild suppression of 

Figure 6.4: a) Relative occurrence of individual signal regimes of different 
antifouling coatings of gold nanoparticles. Histograms of the number of non-
specifically tethered b) and permanently bound c) spheres detected on single 
gold nanorods. 
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non-specific interactions, whereas the SAM composed of SH – C11 – PEG3 – OH 
does not reveal a detectable contrast (equivalent to a plasmon shift of <
1.0 nm). 

We conclude that the best antifouling is achieved for SH – C11 – PEG3 – OH. 
Although the molecular weight of the compared PEG molecules is approximately 
the same, their anti-fouling performance differs significantly. Regular PEG on 
a gold surface adopts a mushroom-like conformation even at high 
functionalization densities which results in a poor organization of the molecular 
layer.[320–322] PEG molecules with a carbon chain easily adopt a brush-like 
conformation by self-assembly, resulting in a more organized molecular layer that 
is more resistant toward non-specific interactions. In addition, the commercial 
availability of SAM PEG enables us to introduce a functional group into the 
molecular layer by introducing i.e. SH – C11 – PEG5 – N3 or SH – C11 – PEG5 – 
COOH providing control over the number of functional groups by employing 
mixed SAMs. The next section describes how click chemistry targeting these 
specific functional groups was used to assemble the dimer. 
 

ssDNA sequence (from 5’ to 3’) Length 

CTG TAC GCC ACA TAA GTA AGT CGG AGT GCT GCA 33 nt 

Table 6.1: Used ssDNA sequence to test antifouling coating of gold nanorods 
against unmodified ssDNA. 

6.2.3 Specificity of hairpin conjugation 
 Click-chemistry uses the 1,3-dipolar cycloaddition between azides and 
cyclooctynes creating a covalent bond (Figure 6.2d),[323–327] where a high 
efficiency of the reaction is reported for the use of dibenzocyclooctyne 
(DBCO).[328,329] We quantified the specificity of the conjugation of DBCO-ssDNA 
to immobilized gold nanorods using (1) the approaches developed in Chapter 3 
based on plasmon sensing, and (2) the approaches developed in Chapter 4 based 
on quantitative single-molecule counting.  

For the verification using plasmon sensing we functionalized immobilized gold 
nanorods with a SAM of SH – C11 – PEG5 – N3 for 1 hour at 10 mM in PBS. 
The PEG-azide coated nanorods were exposed to 1 μM of a DBCO-ssDNA 
solution (15 nt, citric acid buffer of pH 3 and 1 M of additional NaCl) for 
1 hour, and as a control we used an un-modified ssDNA of the same 
sequence (Table 6.2). 

In Figure 6.6a-d we plot the contrast in scattered intensity after 300 seconds 
of ssDNA functionalization. We observe a large difference in plasmonic contrast 
(> 10 x) between the experiments employing DBCO-DNA and the control with 
non-modified ssDNA. These results are in line with previous experimental data 
obtained for the SH – C11 – PEG3 – OH coating, and confirm that non-modified 
ssDNA does not non-specifically interact with the azide groups on the particle.  
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However, we do observe significant binding of DBCO-ssDNA to the SAM 
of SH – C11 – PEG3 – OH (Figure 6.6c) giving at most 50 % of the signal 
compared to azide-functionalized nanorods. To confirm that the non-specific 
interactions are indeed caused by the DBCO group we performed control 
experiments for non-modified DNA, and in line with Figure 6.5: Plasmon shift 
contrasts (see Eqn 6.1) induced by non-specific binding of non-modified ssDNA 
we find no measurable binding (Figure 6.6d). We hypothesize that the non-
specificity is the direct result of the hydrophobicity of the DBCO group causing it 
to stick to surfaces.  

We further quantified the specificity of the DBCO-ssDNA conjugation using the 
single-molecule counting approaches developed in Chapter 4. Immobilized gold 
nanorods were functionalized with a mixture of SH – C11 – PEG3 – OH and 
SH – C11 – PEG5 – N3 at varying mixing ratios with a total ligand concentration 
of 10 mM, and subsequently functionalized with DBCO-ssDNA using 
the protocol described above. 

We then introduced the imager strand (Table 6.2), and performed qPAINT 
experiments as in Chapter 4 to count the apparent number of ssDNA on each 
individual particle. The results are shown in Figure 6.6e for varying mixing ratios. 
Particularly for low azide-content we find a number of ssDNA docking 
strands well above the expected number that was estimated based on the 
footprint of the PEG (diagonal line in Figure 6.6e) and the fraction of azides. 

Figure 6.5: Plasmon shift contrasts (see Eqn 6.1) induced by non-specific binding 
of non-modified ssDNA. 

ssDNA strand Length Sequence (from 5’ to 3’) 

Modified strand 
(= docking strand) 

15 nt DBCO - CCA ATA ATA CAT CTA 

Non-modified strand 15 nt CCA ATA ATA CAT CTA 

Imager strand 10 (9) nt ATTO 647N – C TAG ATG TAT 

Table 6.2: SsDNA sequences employed to study specificity of click-chemistry 
conjugation. Complimentary sequences are shown in red. 
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This again suggests a contribution of non-specifically attached DBCO-DNA, 
in combination with non-specific interactions of the imager strand with the azide-
functionalized nanorods.  

To quantify the latter we used azide coated nanorods (fraction of azides 1 %) 
without any further functionalization with DBCO-ssDNA and count an average 
of 5 ssDNA per particle, even though no ssDNA functionalization was performed 
(grey histogram in Figure 6.6e).  Since our earlier measurement showed that there 
is a negligible sticking of unmodified ssDNA to the PEG-SAMs, we hypothetise 
that the non-specific sticking of the imager strand is induced by the fluorescent 
dye. These experiments indicate that at low fractions of incorpoorated azide 
the contribution due to non-specifically attached DBCO-ssDNA is not negligable, 
but that this effect reduces at higher azide fractions. 

6.2.4 Complete dimer assembly 
 As we established reliable antifouling coating of the nanoparticles based 
on PEG, and achieved reasonably specific coupling of ssDNA to the rods using 
click chemistry, we now proceed to assemble the dimer as a whole. As a tether 
we use an ssDNA hairpin with a stem of 10 complementary nucleotides, and 
a loop of 30 nt consisting of only cytosine (Table 6.3). To reduce steric hindrance 
close to the nanoparticle surface we further incorporate thymine spacers of 8 nt 
on both sides of the hairpin sequence. Note that the spacers are the only difference 
with the tether modelled theoretically in Chapter 5. To enable orthogonal 
conjugation to the rod and the sphere, the ssDNA is modified with DBCO for rod-
conjugation and with an amine for sphere-conjugation. 

Figure 6.6: a - d) Observed relative change in scattered intensity at 793 nm 
(contrast, see eqn. 6.1) induced by ssDNA (15 nt) binding to gold nanorods after 
300 seconds of incubation measured. e) qPAINT measurements of click-
chemistry functionalization. The diagonal black line indicates the estimated 
number of functional groups based on their footprint and mixing ratio.  
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Gold nanospheres were functionalized in solution using protocols described 
in previous paragraphs with 10 % of SH – C11 – PEG5 – COOH mixed into 
the antifouling coating. The antifouling coating itself consisted of an equal 
fraction of SH – PEGn – OH (n = 7-8) and SH – C11 – PEG3 – OH which we found 
to be beneficial for colloidal stability. The nanospheres are incubated in millimolar 
concentrations of EDC and NHSS at pH 6 for 15 minutes, after which the 
pH was elevated to 7.5 to facilitate overnight coupling to a 10-fold molar excess 
of amine-functionalized hairpin. Assuming a typical EDC/NHSS coupling 
efficiency of 30% this will result in an average of 3 ssDNA hairpins 
per nanosphere. 

Repeated centrifugation was used to remove excess chemicals, and the particles 
were redispersed in PBS with 500 mM additional NaCl. Gold nanospheres 
with coupled ssDNA are then introduced into the flow cell at a particle 
concentration of 5 nM, where they can bind to coverslip immobilized 
gold nanorods functionalized with a 10% fraction of azides using copper-free 
click-chemistry. The nanorods incubation in the nanosphere solution was recorded 
using SLD illumination at 793 nm, and collecting the scattering signal with 
50 ms integration time. 

In Figure 6.7 we again classify the behavior observed in the three kinetic regimes 
defined earlier: i the temporary sphere binding, ii dynamic signals due to TPM, 
and iii the permanent sticking of spheres. Two exemplary timetraces are shown 
in Figure 6.8. In the experiments where the ssDNA hairpin is present we observe 
a drastic increase in nanosphere interactions, evidenced by the near-disappearance 
of the “non-reactive” regime i. In addition, we observe an increase in the number 
of nanospheres performing dynamic behavior from = 0.4 ± 0.6 
in the absence, versus = 1.8 ± 0.9 in the presence of the ssDNA hairpin 
(Figure 6.7b). The efficiency of the click-chemistry conjugation is further 
proved by the large increase in permanent binding of nanospheres decorated 
with ssDNA hairpin (Figure 6.7c). Here we find = 2.2 ± 1.5  spheres 
per single nanorod in contrast to = 0.5 ± 0.8  when no ssDNA 
hairpin was present.  

6.3 Hairpin dynamics 
 The permanent binding of sphere is unwanted due to induced steric 
hindrance and corresponding plasmon detuning reduces SNR of the sensor. 
Nevertheless, as the biggest challenge we identify regime ii) where the spheres 

ssDNA sequence (from 5’ to 3’) Length 

DBCO – TTTTTTTT CAT GTA CTA G CCC CCC CCC CCC CCC 
CCC CCC CCC CCC CCC CTA GTA CAT G TTTTTTTT – NH2 

66 nt 

Table 6.3: SsDNA hairpin sequence used in our experiments, complementary 
stem bases are shown in red color. 
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perform dynamic behaviour that can be either due to hairpin dynamics, or due to 
weak and recurring interactions between the nanosphere and the nanorod. 
Two rather typical timetraces are plotted in Figure 6.8a. A time-varying signal 
with periods of dynamic signal fluctuations are observed, spaced by periods 
of time in which the signal appears stable. We identified and subsequently 
cropped time-frames where dynamics is observed, and extracted the 
timescales on which the fluctuations occur using autocorrelation analysis. 
The autocorrelation function was fitted with a single exponential to yield 
a characteristic lag time  

 = + exp , 6.2 

Figure 6.7: Analysis of kinetic regimes in the single nanorod timetraces for
interaction with spheres either with or without ssDNA hairpin. a) Relative
occurrence of kinetic regimes, and detailed quantification of the regimes of 
b) TPM and c) permanently bound nanospheres.  
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where  and  are constants, and the characteristic correlation time is related to 
the association ( on) and dissociation rate ( off) of the 10 nt stem region via:[330] 

 = 1
+ . 6.3 

In Figure 6.8b three autocorrelation functions are shown with their corresponding 
fits. The figure illustrates a large variety of timescales present in our 
measurement ranging from tens of milliseconds to tens of seconds. 
We perform autocorrelation analysis on all identified time-windows 
where fluctuating signals were observed, and plot the distribution 
of characteristic lag times in Figure 6.8c. We exclude the population of 

Figure 6.8: a) Two examples of typical timetraces showing functionalization 
of gold nanorods with ssDNA hairpin coupled nanospheres. Dashed regions 
indicate nanospheres performing a TPM. b) Analysis of these TPM time-frames
using autocorrelation of the plasmonic signal with corresponding single 
exponential fits. c) Histograms of characteristic ACF times. Note that here we 
inthe region from 0 to 2 seconds, uncorrelated signals typically yield characteristic 
ACF times of 10 – 100 seconds which we do not consider in this analysis. 
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timetraces that ACF > 10  because these are likely caused by a combination 
of small drifts and/or randomly fluctuating signals. A subpopulation of 
characteristic lag times with a mean of ~ 1 s is exclusively present when 
nanospheres were incubated in the presence of the hairpin. This strongly suggest 
that the fluctuations are caused by hairpin switching dynamics, which 
we further investigate. 

From this subpopulation, three typical timetraces are plotted in Figure 6.9a, 
where we observe in all cases a dynamic switching between two distinct 

Figure 6.9: Three examples of two-state switching behavior, and the extracted
distributions of dwell times in the open and closed state.  

s
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(normalized) signal levels. This behavior typically lasts for minutes to hours after 
which the tethered sphere either permanently sticks to the rod or the substrate, 
or detaches.  

To confirm that this behavior is indeed caused by hairpin switching we threshold 
the timetraces and extract the dwell times in the open and closed states. 
The detuning between the 793 nm probe wavelength and the (measured) plasmon 
resonance of each particle was used to identify whether the high or low signal 
level corresponds to the open state. The distributions of dwell times including 
a single-exponential fit are shown in Figure 6.9b. 

The histogram of dwell times exhibits a single-exponential character, as expected 
for a molecular interaction with a well-defined rate constant. The average dwell 
time in the closed state is closely related to the affinity of the 10 nt complementary 
stem region. The average dwell time and dissociation rate ����  can then 
be estimated from the Gibbs free energy ��  of the stem sequence responsible 
for the hybridization: 

 
������������� = 1

���������� = 1
�� exp �−����� � , 6.4 

where  �� ≅ 3 ∙ 10�,[92] and for the complementary sequence and experimental 
conditions (ionic strength of 1 M) we find �� = −8.87  kcal ∙mole-1.[331,332] 
This gives a predicted average dwell time in the closed state of ������������� ≅ 1 s 
corresponding to a dissociation rate of ���������� = 1 s-1. These predicted values 
are in excellent agreement with the measured values. Note that the association rate 
��� of the hairpin cannot be easily predicted from the sequence only but also 
depends on the accessibility of the stem parts of the sequence, and their relative 
distance and thus the loop length.  

6.4 Conclusion 
 We have presented a method to monitor the assembly of nanorod-
nanosphere heterodimers in-situ using scattering microscopy, and probe 
the ensuing conformational dynamics of the interconnecting hairpin. Optimization 
of the anti-fouling coating is crucial in these systems, where we found that self-
assembled-monolayers of PEG outperform regular PEG coatings. The hairpin 
is then conjugated using two orthogonal crosslinking chemistries: EDC/NHS 
coupling in combination with copper-free click chemistry. The latter particularly 
resulted in a fraction of non-specific interactions between the (hydrophobic) 
DBCO groups and the coating.  

We nevertheless observed dynamic behavior that we classified based on the 
characteristic timescales in the autocorrelation function. Constructs with 
characteristic times of 1-2 seconds were only present in the experiment where 
the interconnecting ssDNA contained a hairpin, and were therefore ascribed 
to hairpin switching. The dwell times in the open and closed states were found 
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to be nearly exponentially distributed with the expected mean, which provides 
a second observation that is in line with single-molecule switching behavior.  

Although we clearly detect ssDNA hairpin switching behavior in our signal 
it appeared particularly challenging to suppress non-specific interactions between 
the different components in the system. In addition, the current molecular 
coupling protocols are not yet developed well enough to yield controlled 
monovalent functionalization of nanoparticles with molecular ligands. 
The requirement of monovalent functionalization is however crucial for 
successful probing of transition paths at short timescales. These aspects will be 
discussed in more detail in the next chapter, where we look beyond and define 
follow-up research. 
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7 CONCLUSION AND 
OUTLOOK 

  

 

  

 Biomolecules, and their ability to adopt a specific conformation and thus 
self-regulate, are the basis of many biological processes. Molecular folding has 
been investigated using single-molecule techniques providing the 
opportunity to study biophysical properties that ensemble-averaged techniques 
cannot. Current measurement methods have been however either limited 
in applying an external force on the folding molecule or in the accessible 
timescales (Figure 1.5). 

In this thesis we proposed the use of plasmonic nanodimers to study real-time 
folding of single molecules without the application of an external force. 
We employed plasmonic gold nanoparticles interconnected by the molecule 
of interest, which exhibits conformational changes modulating the interparticle 
distance resulting in an optically detectable shift of the dimer’s plasmon 
resonance. Similar to smFRET, plasmonic dimers act as molecular rulers but with 
a stable and high photon budget. We explored the ability of plasmonic 
particle based sensing and investigated the performance of the plasmonic 
nanodimer theoretically and experimentally. Here we first summarize the main 
results in this thesis, and subsequently discuss experimental obstacles 
and challenges to finalize with a perspective on the application of dynamic 
plasmonic nanorulers in bionanoscience. 

7.1 Summary of this thesis 
 In Chapter 2 we laid down the theory behind plasmons and their 
hybridization in order to understand the optical response of plasmonics-based 
nanorulers. We further gave an extensive literature overview of applications 
of nanorulers, and discussed key advances in the field which potentially lead to 
real-time observation of molecular (un)folding. To be able to practically design 
a functional nanoruler system and apply it to probe molecular folding, we develop 
several experimental, signal processing, and theoretical characterization methods 
of plasmonic based sensors. 
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In Chapter 3 we studied the functionalization of gold nanorods with thiolated 
ssDNA at the single-particle level. We exploited the sensitivity of the 
plasmon resonance to the local refractive index induced by ssDNA binding 
using single-particle spectroscopy, and found that the ssDNA coverage varies 
considerably from particle-to-particle. Interestingly, the functionalization 
process was unexpectedly heterogeneous, beyond the expected variation due to 
Poisson statistics. We found kinetic rate constants varying by almost an order 
of magnitude from particle-to-particle, the origin of which we attributed 
to variations in the effective charge on the particle surface.  

Nevertheless, the absolute number of ligands per particle was not resolved. 
Therefore in Chapter 4 we developed a method based on quantitative single-
molecule interaction kinetics to count the absolute number of ligands 
on the surface of individual particles. By analysing the waiting-time between 
single-molecule binding events we quantified the particle functionalization both 
accurately and precisely for a large range of ligand densities. In line with 
Chapter 3 we observed significant particle-to-particle differences 
in functionalization which were dominated by the particle-size distribution 
for high molecular densities, but are substantially broadened for sparsely 
functionalized particles. Time-dependent studies showed that 
ligand reorganization on long timescales drastically reduces the heterogeneity, 
a process that had remained hidden up to then in ensemble-averaged studies.  

The work performed in Chapters 3 and 4 provided us an understanding 
of interactions of single gold nanoparticles with DNA molecules. The given 
results yielded an insight into the molecular functionalization process at the single 
particle level. Data further highlighted that significant particle-to-particle 
heterogeneity has to be taken into account in applications of functional 
particles. Importantly, our work provided a direct route for quantification and 
optimization of coupling protocols. The obtained knowledge on ssDNA 
functionalization of single nanoparticles was necessary to be able to assemble 
DNA tethered nanoparticles. 

In Chapter 5 we investigated the theoretical performance of the proposed 
plasmonic nanorulers by numerically evaluating the diffusion of a tethered 
nanosphere and converting this to the corresponding optical scattering signal. 
We showed that the proposed plasmonic dimer exhibits sensitivity to 
conformational changes ranging from one to a few tens of nanometers, 
comparable to the size of short oligonucleotides and small proteins. In principle 
the distance sensitivity can be further tuned by employing nanoparticles 
with different sizes, and thus modulate applicable length-scales. Importantly, the 
long range over which plasmon shifts are found allows, to incorporate short 
molecular spacers between the folding molecule and the plasmonic components 
to reduce steric effects that might affect the conformational dynamics.  

The numerical study in Chapter 5 demonstrated that experimental timescales 
in the low microsecond regime are accessible. Unlike smFRET, signal intensity 
and shotnoise are not the limiting factor, but rather the fluctuations induced by the 
diffusing of the tether particle through the near-field of the rod. 
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Our theoretical work established design rules like particle size and tether molecule 
length to successfully observe conformational transitions. In Chapter 6 
we investigated the experimental assembly of the plasmonic heterodimer using 
a large gold nanorod (20 x 75 nm2) immobilized to a coverslip and a small tethered 
sphere (diameter 20 nm). As a model system we used a ssDNA hairpin. After 
optimization of the particle antifouling coating we experimentally resolved 
hairpin switching. The measured dwell times in the closed and open states were 
in good agreement with theoretical expectations. 

Microsecond time resolution however hasn’t been reached yet experimentally 
mainly due to complexity of the employed chemical environment, and limitations 
in the detector bandwidth. In following paragraphs we comment on the current 
limiting factors and discuss further advances required for successful application 
of plasmonic nanodimers to observe molecular transitions in real-time. 

7.2 Challenges and further research 
 Several obstacles remain to be overcome for the successful 
implementation of plasmonic nanorulers to probe conformational dynamics 
in real-time. Here we describe the main challenges that could be addressed 
in future research. 

7.2.1 Quantified and specific particle functionalization 
 A challenge that we addressed in Chapters 3 and 4 that requires more 
research is the quantitative and homogeneous functionalization of particles. 
This challenge includes the control over the number of functional groups per 
particle and its antifouling coating. The latter is a molecular layer that should 
prevent non-specific interactions between the chemically diverse interfaces 
associated with the nanoparticles, biomolecules, and substrate. It appears that 
the optimum antifouling coating depends on the type of nanoparticle and 
its stabilizer, and strongly depends on the particle shape size, and material. 
A promising alternative to PEG-based antifouling coatings are zwitterionic 
ligands as pioneered by the group of Whitesides.[333,334] Zwitterionic materials 
as a new class of emerging materials have recently been developed and applied 
to a broad range of biomedical and engineering applications.[335–337] Zwitterionic 
materials possess a unique molecular structure combining both cationic 
and anionic groups with overall charge neutrality and high hydrophilicity.  

Mixed into this antifouling coating we require functional groups that provide 
handles for the tether biomolecule. Ideally monovalent molecular 
functionalization in the plasmonic nanoruler is necessary for their proper 
functioning. Modern nanotechnology methods enable a precise placement 
of molecules using e.g. an AFM tip,[338,339] or nanoscale UV lithography.[340] 
Although spatially controlled functionalization on the nanoscale can be 
achieved, these methods are limited in throughput and not available in most of 
biophysics labs. 
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Wet-chemical functionalization protocols have relied on quantification at the 
ensemble average level which restricts a precise control. Solution-phase synthesis 
and subsequent purification of specifically labeled nanoparticles is not trivial and 
often results in a low yield. In Chapter 4 we designed single-molecule method 
to quantify the functionalization of single nanoparticles with molecular ligands 
in absolute terms. This lays down a path for a further research towards optimized 
molecular coupling protocols and molecularly controlled colloidal interfaces with 
minimized inter-particle differences. Particularly combining the single-molecule 
counting methods outlined in Chapter 4 with super-resolution localization 
microscopy is a promising avenue.[282,285] Such direct visualization of 
the molecular functionalization at the single-particle and single-molecule level 
provides valuable feedback to optimize functionalization protocols. 

7.2.2 Heterogeneous plasmonic response 
 The scattered signal of plasmonic nanoparticles depends on the particle 
size, the plasmon wavelength, and the particle orientation in the (often polarized) 
excitation field. Every colloidal sample of gold nanoparticles consists of particles 
with a distribution of sizes introducing heterogeneity into the optical response. 
To be able to interpret the optical signals we have calibrated our sensor single-
particle spectroscopy. For practical applications however better shape control 
in nanoparticle synthesis, and quantitative control of the optical response 
are crucial. Recently, laser-induced shape transformations have been used to 
obtain an optically homogeneous ensemble of gold nanorods with an ensemble-
averaged linewidth that approximates the single-particle linewidth.[341,342] 
However, these laser-mediated protocols require further optimization to be 
reliably and generally applicable to a range of particle shapes and sizes. 

To reduce the heterogeneity in detected signals the control over the alignment 
of nanoparticles and the evanescence field polarization is also desired. This could 
be implemented using lithography techniques,[343] which offer the possibility 
to deposit individual particles in lithographically defined “pits” using high-
throughput solution-based protocols. Another avenue is to employ 
lithographically defined nanoparticles, wherein electron-beam lithography can be 
used to create aligned nanostructures over large areas, albeit at the expense 
of sensitivity due to the reduce Q-factor of the plasmon resonance due to electron 
scattering off grain boundaries.[344,345]  

7.2.3 Improved data analysis 
  We showed theoretical possibility of plasmonic nanoruler to access real-
time molecular folding. An associated challenge is then related to the real-time 
processing and analysis of the experimental data. Optimized data 
processing algorithms and enhanced computational hardware are of a great need 
due to the large computation demands coming from the large span of recorded 
timescales and the large datasets (100s of Gb per minute) provided by state-of-
the-art high-speed cameras. 
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Current data analysis techniques are effective at extracting two-state system 
information (i.e. - on or off, bound or unbound, etc.). Of course, even simple 
biological systems can contain several states and this information is difficult 
to obtain with data processing methods to-date. Step finding algorithms based 
on hidden Markov models enable to extract kinetic information of multiple states 
although their number has to be know a priori.[315,346,347]. We foresee that 
AI or deep learning algorithms may provide the answer by their ability to rapidly 
process and analyze large amounts of data without a-priori knowledge of 
the number of states.[348] 

7.2.4 Effect of volume exclusion forces 
 As a system based on Brownian diffusion of a tethered nanoparticle 
the force-free conditions are met when the molecular conformational transitions 
occure at timescales longer then the characteristic diffusion time at which the 
particle diffuses its full, tether-permitted space. If the timescales are similar 
or shorter the molecule starts to experience a hydrodynamic drag that might 
influence the folding dynamics. This was investigated in detail in Chapter 5 
and quantified by the autocorrelation time of the tethered sphere. 

The presence of the particles however restricts the accessible conformations of the 
tether molecule somewhat compared to the free molecule. This results in a small 
but perhaps not negligible exerted net-force, the volume exclusion force.[349] 
As the particle is excluded from the proximate solid surface it results in 
an entropic force that the molecule experiences. Contrary to the short-lived and 
randomized “Brownian forces” the volume exclusion force is a net non-zero force 
that scales with the distance to the excluded volume. For the tethered nanoparticles 
of 20 nm and counter length of 66 nt, which we investigated in Chapter 5 and 6, 
we obtain a net external force of ~ 400 fN. Models are only available for 
a spherical tether particle near a flat surface, but in the case of a plasmonic dimer 
the second particle surface is not flat but curved. This volume exclusion force 
is then expected to be even lower, but quantitation of this force will require further 
numerical simulations using e.g. molecular dynamics.[350,351] Nevertheless, this 
force is substantially lower compared to the force used in mechanical single-
molecule methods where the lowest limit is set by optical tweezers to ~ 10 pN. 
As already pointed out the absolute exterted force on the molecule varies 
significantly with its length. This together with the Brownian diffusion force 
at different timescales deserves further research.  
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APPENDIX 1: CORE-SHELL MIE-GANS MODEL 
 A small metal nanoparticle in an electromagnetic field can be 
approximated as an oscillating dipole. This results in absorption and scattering 
of the incident light that can be highly enhanced when a plasmon resonance 
is excited. Both, the scattering and the absorption, can be relatively simply 
calculated for particles much smaller than the wavelength of the incident light 
by Mie-Gans theory.  

Due to the binding of molecules the refractive index surrounding the gold nanorod 
changes, inducing a shift of the plasmon resonance. We assume an effective 
medium approach in which these molecules establish a shell of finite thickness 
around the nanorod. The metallic nanoparticle surrounded by a shell can be 
modelled using a modified Mie-Gans theory that treats core-shell particles.[246] 
The material of the nanoparticle is determined by the dielectric function 
�(�) , where Johnson and Christy’s data for gold are used,[138] and the 
particle is immersed in water with a frequency-independent dielectric function 
�� = 1.77. The shell is modelled as an ellipsoid extending the core metallic 
nanoparticle characterized by its thickness � and frequency-independent dielectric 
function ��  The polarizability of the core-shell metallic ellipsoid’s longitudinal 
plasmon is: [246] 

  

�(�) = ���� ∙ 

9.1 (�� − ��) ��� + (�(�) − ��) ��� − ��
�� �� �� + ��

�� ��(�(�) − ��)

��� + (�(�) − ��) ��� − ��
�� �� �� [�� + (�� − ��)�� ] + ��

�� �� ��(�(�) − ��)
 

with ��  the depolarization factor of the metallic particle core and ��  
the depolarization factor of the whole particle, which are both characterized 
by their own eccentricities. �� is the volume of the metallic nanoparticle core and 
�� is the volume of the shell spheroid. 

 

Calculation of expected distribution of plasmon shifts 

The magenta histogram in Figure 3.5b in the main text is calculated by evaluating 
the scattering cross section for a set of particle-dimensions (n = 215) extracted 
from TEM measurements. By taking the exact dimensions found in TEM 
images we estimate the contribution of the size dispersion to the plasmon 
shift. We calculated the expected shift by considering an index matched shell 
(�� = 1.77), and subsequently a shell with an increased dielectric function due to 
the presence of ssDNA. The thickness of the shell s was determined by treating 
the ssDNA molecule as a worm-like chain[352] giving � = 11 nm for our 50 nt 
sequence. The dielectric function of the shell is used as a fitting parameter to 
match the experimental results. We find an only slightly increased dielectric 
function for the shell (��  =  1.90), which indicates a hydrated and non-close-
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packed ssDNA shell. In line with the experiments, only particles that exhibit 
a plasmon wavelength in the range of 670 nm – 890 nm are analysed. Note that 
this effective medium approach neglects any higher order corrections originating 
from heterogeneity in ssDNA conformation. 

 

Calculation of the expected distribution of initial rates 

The magenta histogram of initial rates shown in Figure 3.9 is calculated by 
again evaluating the scattering spectra for particles immersed in water with 
an empty shell, followed by calculation of the spectra of the same particle with 
a shell with dielectric constant  =  1.80. These two spectra are then assigned 
to time = 0 s and = 1 s, respectively, and the rate at which the plasmon shifts 
is then extracted in the same way as in the experiment, however here only from 
two data points. This approach takes into account that the rate at which 
the plasmon shifts depends on the geometry of the particle due to variations 
in refractive index sensitivity. Note that this yields a distribution of normalized 
rate constants that are then multiplied by a constant to match the average 
measured rate constant. 

 

Limitations of the model 

However, some remarks should be made for applying the core-shell Mie-Gans 
model to simulate the optical properties of the gold nanorods and the binding 
events. The model holds only for particles much smaller than the wavelength 
of light. The nanorods which are used in the experiments have dimensions around 
(70 nm - 20 nm), having an equivalent volume of a sphere of 60 nm in diameter. 
Furthermore, the rods are approximated by ellipsoids, which causes deviations 
of their scattering cross sections due to both the shape approximation and the 
reduction in volume of particles. Moreover, the nanorods in the experiments 
are immobilized on a glass coverslip, thus ssDNA cannot bind to the bottom of the 
nanorod. Because of those deviations the absolute plasmon peak positions as well 
as the absolute scattering cross sections will differ from the experiments. 
However, the plasmon shifts and their distribution will be comparable 
to the experimental situation. 
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APPENDIX 2: ESTIMATION OF MAXIMUM LOADING OF 
NANOPARTICLES 
 To be able to understand the process of gold nanoparticle 
functionalization with ssDNA we develop an estimate of the maximal molecular 
loading of employed particles. We based ourselves on the work by Hill et al.[236] 
and consider thiolated DNA molecules as closely-packed cones occupying the 
space around a particle. A simplified sketch of the system geometry is depicted 
in Figure 9.1a with all important variables specifically marked. Based on TEM 
measurements we assume our nanorods to be spherically capped cylinders 
neglecting any surface irregularities. Since the particle functionalization with 
ssDNA is performed at high ionic strength (I = 1000 mM) where ssDNA adopts 
“mushroom-like” conformation, we approximate ssDNA by a sphere with 
its hydrodynamic radius = .  

To get the maximal amount of molecular spheres which could fit around a nanorod 
we calculate the surface area of a layer distant  from the nanorod surface and 
divide this by the molecular footprint on the layer ( ). For the case 
of particles immobilized on a substrate their significant part of surface area 
is shielded from molecular binding. We correct for this effect by finding the 
minimal angle : 

 = cos 2
+ 2 2    ,   = 2 sin 2

+ 2 , 9.2 

marking the inaccessible space, and discard the corresponding particle’s surface 
area. The geometrical derivations lead to a following expression for maximal 
number of molecules on the surface a nanorod: 

 

= ( + 2 ) (1 + cos )
2

+ ( + 2 )( ) ( ). 
9.3 

The Eqn. 9.3 clearly shows that particle loading is dependent on two parameters: 
the particle dimensions and the size of employed molecule. We obtained 
diameters and height of our nanorod using TEM in previous section. However, 
a reliable estimate of molecular size for employed ssDNA is required. Single 
stranded DNA consists of individual nucleotides connected together through 
a phosphate backbone via flexible covalent bonds. This makes ssDNA an ideal 
candidate to be modeled using worm-like chain model.[352] In this model 
a polymer is considered to consist of  solid segments of which movement is 
allowed due to flexible linkers. In such case the measure of polymer length is the 
contour length =  which is the distance between the chain ends 
measured along the helical axis for each segment of length length  (for ssDNA 

= 0.63 nm[304]). However the practical insight into the molecular size is given 
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by the end-to-end length �� which is the vector sum of each segment length[352] 

 〈���〉 = 2� ��� � � + ���
��� � , 9.4 

where � is the persistence length of the molecule. Since we deal with charged 
polymer we correct the persistence length for electrostatic charges[353] 

 � � �� + ���� =  �� + ���
4�� , 9.5 

where ��  is the bare persistence length (for ssDNA �� ≈ 2 nm[304]), and �� =
�� 4��������  is the Bjerrum length at which the electrostatic interaction 
between two point charges � is equal to the thermal energy ���, and � = � ��  
is the fractional number of charges per segment length. Here, for the case of 
ssDNA � = 1 corresponding to one charge per nucleotide. The Debye length � 
is the length at which salt ions screen the electric field, and for a monovalent 
electrolyte as i.e. NaCl is defined as:[354] 

 
1
� = ��������2�����  . 9.6 

Here, �� is the permittivity of vacuum, �� is the relative permittivity of the liquid 
(for water �� = 78.3 ), ��  is the Boltzmann constant, �  the temperature 
(here we consider � = 298 K ),  ��  the Avogadro constant and �  is the ionic 
strength of the liquid.  

The model shows that for low ionic strength the electrostatic interaction play 
significant role and extend the molecules in a stretched form characterized by long 
end-to-end distance. However, for the case of high ionic strength (� > 100 mM) 
the ions in the solution effectively shield the electrostatic repulsions between 
individual polymer segments reducing the end-to-end distance giving molecule 
a “mushroom-like” conformation. We approximate this complex shape by a hard 
sphere characterized by its hydrodynamic radius �� = ����  since this allows 
us to include electrostatic[353] and hydrodynamic[355] interactions. The diffusion 
coefficient � of such sphere is defined by Stokes-Einstein equation:[252]  

 � = ���
6������� . 9.7 

and the diffusion coefficient of flexible polymers in dilute solutions is then given 
by the Zimm model:[355] 

 � = 8���
3√6������

 . 9.8 

where ��  is the viscosity of water �� = 8.9 ∙ 10�� Pa ∙ s  at � = 298 K ). 
The Eqn. 9.7 and Eqn. 9.8 result in the expression for the molecular radius: 
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 ���� = 3√�
8√6 �� ≅ 0.271�� . 9.9 

We directly recalculate the molecular radius to ssDNA footprint for 30 nt long 
molecule and 1000 mM of buffer ionic strength and obtain ���� ≈ 16  nm2 
matching well the literature.[236] We further test our model against experimental 
results for ensemble measurements of ssDNA binding to gold spheres 
published by Hill et al.[236] and find an excellent match (Figure 9.1b). Note, 
that here we did not assume shielding by a present substrate. Having the 
confidence about reliability of our model we determine the maximal 
molecular loading for all nanorods measured with TEM. In Figure 9.1c we obtain 
a „normal-like“ distribution of number of molecules over individual particles 
of ���� = 338 ±  85  characterized by a relative spread of 25 % owing to 
the size distribution of the sample that leads to a distribution of surface 
areas available for binding.  

 

 

 
Figure 9.1: a) Illustration of conical representation of thiolated ssDNA bounded 
to a nanoparticle with specified geometry of the system. b) Testing our model  
against experimental data for ssDNA functionalization of gold spheres measured 
by Hill et al.[236] In this case we do not assume the presence of a substrate. 
c) Histogram of maximal number of ssDNA molecules on individual gold 
nanorods for dimensions measured by TEM.  
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