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ABSTRACT

Proteins are an important building block of life. In this context, single-molecule
methods are a key tool for deeper understanding of their function. One such method is
the plasmon ruler: It combines the advantages of multiplexing, long-time measurement
and good signal-to-noise ratio. My work investigates the chemical challenges of plasmon
ruler assembly with aim to increase the robustness and yield of the dimer constructs, and
therefore enable broader future application. For this, I systematically explore the
theoretical constraints of the assembly, predicting optimal assembly conditions, the
requirements for particle stabilization and expected assembly time. With these constraints
in mind, I evaluate the quality of the particles and improve the particle functionalization
protocol. Additionally, I quantify the particle functionalization, uncovering discrepancies
between reality and previous theoretical assumptions, leading to a deeper understanding
of the assembly. To complete the understanding of key factors leading to assembly
success or failure, I consider the role of individual components such as the protein, the
particle chemistry and the assembly concept. I single out the particle reactivity as a key
bottleneck, showing the necessary steps for assembly improvement. With this, I ensure
future assembly success. With the knowledge from my investigations, I revisit a novel and
previously not understood dynamic signal in the plasmon ruler experiment. Combining
the insights gained on particle quality and particle-substrate interactions, I explain the
origin of this signal as an artifact. With this I highlight the importance of particle quality
control in the dimer experiment. The total sum of my work is a route for successful
plasmon ruler assembly: I provide a recipe for optimal particle functionalization and
assembly concept, ensuring reproducibility and robustness. This work serves as basis for
future scientists, bringing the plasmon ruler method closer to a streamlined application
in the single-molecule community. The improved robustness and reproducibility of the
plasmon ruler will help uncover the remaining unknows of proteins such as Hsp90,
closing the knowledge gaps in the areas such as e.g. protein memory effects and long-
term behavior.'






Z.USAMMENFASSUNG

Proteine sind ein wichtiger Baustein des Lebens. In diesem Zusammenhang sind
Einzelmolekilmethoden ein Schlisselwerkzeug fir ein tieferes Verstindnis ihrer
Funktion. Der Plasmon Ruler ist eine solche Methode; er vereint die Vorteile von
Multiplexing, LLangzeitmessung und einem guten Signal-Rausch-Verhiltnis. Meine Arbeit
untersucht die chemischen Herausforderungen des Aufbaus von Plasmon Rulern mit
dem Ziel, die Robustheit und Ausbeute der Dimerkonstrukte zu erhdhen und so eine
breitere zukunftige Anwendung zu ermdéglichen. Dafiir untersuche ich systematisch die
theoretischen Rahmenbedingungen des Aufbaus, sage optimale Aufbaubedingungen, die
Anforderungen an die Partikelstabilisierung und die erwartete Reaktionszeit voraus. Mit
diesen Einschrinkungen im Hinterkopf evaluiere ich die Qualitit der Partikel und
verbessere das Funktionalisierungsprotokoll.  Zusatzlich quantifiziere ich die
Partikelfunktionalisierung und decke Diskrepanzen zwischen Realitit und friheren
theoretischen Annahmen auf. Dies sichert ein tieferes Verstindnis des Dimeraufbaus.
Um das Verstindnis der Schliisselfaktoren beim Aufbau zu vervollstindigen, betrachte
ich die Rolle einzelner Komponenten wie das Protein, die Partikelchemie und das
Aufbaukonzept. Dabei stelle ich die Partikelreaktivitit als entscheidenden Faktor fest und
zeige die notwendigen Schritte zur Verbesserung des Aufbaus. Damit sichere ich den
zukiinftigen Erfolg der Methode. Mit dem Gesamtwissen aus meiner Arbeit erklire ich
ein bisher nicht verstandenes dynamisches Signal im Plasmon Ruler Versuch. Indem ich
die gewonnenen Erkenntnisse zur Partikelqualitit und Teilchen-Substrat-Interaktionen
kombiniere, erklare ich den Ursprung dieses Signals als Artefakt. Damit unterstreiche ich
die Bedeutung der Kontrolle von Partikelqualitit und Rahmenbedingungen fir die
Plasmon Ruler Methode. Die Gesamtsumme meiner Arbeit ist ein Rezept fir den
erfolgreichen Aufbau von Plasmon Rulern: Ich liefere ein Rezept fir optimale
Partikelfunktionalisierung und Aufbaukonzepte, um Reproduzierbarkeit und Robustheit
sicherzustellen. Diese Arbeit dient als Grundlage fiir zukinftige Wissenschaftler und
bringt die Plasmon Ruler Methode ndher an eine breitere Anwendung in der
Einzelmolekiil-Gemeinschaft. Die verbesserte Robustheit und Reproduzierbarkeit des
Plasmon Rulers wird helfen, die verbleibenden Unbekannten von Proteinen wie Hsp90
aufzudecken und die Wissensliicken in Bereichen wie z. B. Proteingedachtniseffekten und
Langzeitverhalten zu schlieBen.'
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Chapter 1: Introduction

I. INTRODUCTION

Proteins can be regarded as machines that regulate life. The majority of proteins are
involved in binding and transport processes, e.g. hemoglobin,” followed closely by
catalytic processes, with the other functions divided among serving in signal transduction,
enzyme regulation and more.” Understanding their working mechanism gives a glimpse
into the complex structure of life, and in particular our own human organism.

One approach to comprehend how a machine works is to look at its structure. In a
protein, the very basis of the structure is a sequence made up of a total of 20 canonical
amino acids.* This structure undergoes complex folding, at last forming the final and
functional (tertiary or quaternary) structure of a protein. Resolving the final structure
remains subject of rigorous studies.” A milestone example on this topic is the advance in
cryogenic electron microscopy (cryo-EM). This method first yielded atomic-resolution
images, awarding its pioneers the 2017 Nobel Prize in chemistry.® This method drastically
increased the solved protein structures. In the field of membrane proteins listed in the
Protein Data Bank in 2024, over 80% of protein structures had been mapped using this
method.” Another important method is the nuclear magnetic resonance (NMR)
spectroscopy,” which can measure proteins in their natural environment and does not
require the crystallization step needed for cryo-EM. The studies of protein structures were
further enhanced with the introduction of AlphaFold and later AlphaFold2 in 2021,
which is a machine learning model for predicting the structure from sequence.

Therapeutical development and biomedical research are beneficiaries of these
advancements: One such example is the cryo-EM based resolution of the fibril structure
of amyloid-B, which is a contributor to the Alzheimer’s disease."” Another example is the
characterization of the interaction between potential inhibitors with the oncogenic
protein K-Ras using NMR."!

The example of NMR brings us to the next point: Protein dynamics. As Henzler-
Wildman and Kern summarize in their review article titled “Dynamic personalities of
proteins”,"* the function of a protein is governed by its motion. As such, their article

highlights the importance of the dimension of time to understanding protein function.

There exist several methods that enable insight into protein dynamics. One key method
already mentioned in this field is the NMR, with examples of studies on folding
pathways.”™ Another solution-based method is the Small-Angle X-Ray Scattering
(SAXS)."

These methods are valuable tools for probing a protein population. However, they
have the drawback of averaging, and thus obscuring information on heterogeneity and
rarer phenomenons."” Without this information, the dynamic picture is incomplete. This
challenge is addressed by single-molecule studies, completing the understanding of
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Chapter I: Introduction

protein function. Subsequently, better comprehension of protein function can lead to

advances in important fields such as, for example, disease therapy.'"”

To illustrate the importance of single-molecule studies, I use the example of the Heat
Shock Protein 90 (Hsp90), which is part of this work.

1. The Heat Shock Protein 90 (Hsp90)

The Hsp90 is a chaperone protein to a variety of client proteins. It is a homo-dimer,
consisting of two identical monomeric units.” It can seen as a machine that plays a central
part in proteostasis,’ with its key functions being the folding or refolding as well as
activation or deactivation of its clients. The protein fulfills these complex tasks by
undergoing an ATP-driven cycle” between a “closed” and “open” state, during which it
processes its clients. In a simplified way, this process is shown in Figure I-1.

ATP Co-chaperone

Functional Hsp90

ADP bound Hsp90
(partially open)

y

Co-chaperone

e
Folded
Protein

Figure I-1. The Hsp90 cycle. The working cycle includes the association of ATP, a co-chaperone, as well as a
misfolded protein. During the cycle, the Hsp90 undergoes a conformational change from an open (client-
free) and a closed conformation. With the cycle completed, the folded protein and the co-chaperone are
released. At last ADP is released, and the protein returns to an open conformation. Reprinted with
permission from Verma et al., Biochimie 2016, 127, 227-240. DOI: 10.1016/j.biochi.2016.05.018.23

Hsp90 makes up 1-2% of the total protein mass in eucaryotic cells, with the percentage
increasing when the organism experiences stress.”* Hsp90’s broad-band function in
proteostasis has made it a subject of intense studies for over 40 years.” Despite extensive
research, a lot of unknowns remain subject of debate.” In particular, questions remain
about mechanisms of its function. These questions arise from the fact that Hsp90 is
responsive to a large variety of clients in a client-specific way,” with no single mechanism
that can be applied to all cases. Thus, Hsp90 remains an attractive target for research.

' Proteostasis: This term refers to the process of maintaining the balance between the synthesis, folding and
degradation of proteins in a biological system, among other tasks.?!
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Chapter 1: Introduction

Over the years, many efforts were made to explore this protein’s nature, starting with
crystallographic studies,” as well as ensemble measurements in solution (e.g. via NMR,
small-angle X-ray scattering, SAXS),*™ revealing populations of its closed and open
states, as well as ensemble interactions with inhibitors. These ensemble measurements
provided valuable information on the protein population. However, to further probe the

behavior on fundamental, single-molecule level, other techniques had to be invented, as
highlighted below.

2. Single-molecule protein dynamics in the picture

To probe single-molecule behaviot, a variety of techniques have been developed,’*
each with its strengths and limitations. The following section gives a brief overview over
the most common methods, giving preference to those that have been previously used to
probe the Hsp90 protein.

2.1. Forster Resonance Energy Transfer (FRET)

FRET is a method that uses two or more dyes to track distance changes between the
dyes, and therefore monitor protein motion. The donor dye is excited, and the energy is
transferred radiation-free to the acceptor dye.” This happens under the conditions that
the molecules are not more than around 10 nm apart (depending on the dye),”* and the
donor and acceptor transition dipole orientations approximately parallel. There must also
be an overlap between the donor fluorescence and acceptor absorption spectrum. In a
typical single-molecule FRET experiment, the protein labeled with the dyes is fixed onto
a substrate, as shown in Figure I-2.

A drug
O Hspoo A
e dyes, low-FRET

' A 2 ol
@ dyes, high-FRET \ ,. s
¥ C-term. zipper
A
biotin A
neutravidin '
& . g . :

PEG passivation

TIR at
coverslip-buffer interface

Figure I-2. Sketch of a Hsp90 FRET experiment with two dyes. The protein is functionalized with two dyes
(orange and red circles) and fixed onto a polyethylene glycol (PEG) passivated glass surface via a biotin-
neutravidin coupling. The measurement is performed in a total internal reflection microscope setup

A

-

(TIR). This natrows the excitation to the area where the protein is fixed, and therefore reduces
fluorescence and scattering from other nonrelated sources. Adapted with permission from Schmid et al.,
ChenPhysChenz 2018, 19 (14), 1716-1721. DOI: 10.1002/cphc.201800342. © Wiley-VCH GmbH.3535

The measurement is limited by the lifetime of the dyes, which are prone to photo-
bleaching, depending on experimental conditions. Typically, a single-molecule FRET
experiment lasts up to several minutes until the dyes bleach.”> This is one of the major
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Chapter I: Introduction

challenges in single-molecule FRET. As such, rare events and long dwell-times are
difficult to probe with this method.

2.2. Force-spectroscopy

The force-spectroscopy field offers a variety of techniques, such as atomic force
spectroscopy (AFM), optical and magnetic tweezers.” In the case of the Hsp90 protein
studies, optical tweezers have been previously employed to successfully measure protein
Hsp90 folding, assembly and domain interactions.”*’ In the optical tweezers experiment,
the protein is attached to dielectric silica beads held in a laser beam. One bead is held in
place, and the other is moved, thus applying force to the protein and coercing it to unfold.
The force necessary to unfold (and refold) its different structure elements varies (Figure
1-3). Such unfolding and refolding patterns are studied to further gain information on
protein behavior under different conditions relevant for its biological function.

|
| ( |
! | E— { “I—
|
) |

/ !
/
’

Force [pN]
“'v\‘.\ \i 4\ S

Extension [nm]

Figure I-3. Sketch showcasing the principle behind the optical tweezes measurement. The protein is trapped
between two dielectric beads and is forced to unfold. The force necessary to unfold the protein is then
recorded against the displacement of the second bead (called extension in the figure). An abrupt change
in the force (“snapping down”) is observed when a particular structural element unfolds upon sufficiently
high force. This pattern in unique to a specific protein and protein state. Reprinted with permission from
Jahn et al., Structure 2018, 26 (1), 96-105.e4. DOI: 10.1016/j.5tr.2017.11.023. © Elsevier.3?

Despite being a well-established method, there is ongoing work on expanding its
measurement possibilities. For example, a recent study from 2025*" has combined the
optical tweezers with FRET, allowing simultaneous multi-dimensional detection of
protein motion. As such, this measurement method’s strength is observation of domain-
specific single-molecule behavior. This method, however, is not force-free, and the
limitations of the FRET measurement principle apply to the combined method as well.

2.3. Nanopores

Several other methods aim to expand the single molecule technique portfolio. One
such measurement principle is the so-called use of a nanopore. This is a substrate-based
method, with possible variations regarding the substrate where the pore is located. One
such example is the solid-state, lipid-bilayer passivated NEOtrap.”” During the

18



Chapter 1: Introduction

measurement, a voltage is applied across the membrane, leading to an ionic current that
flows through the pore. When a molecule e.g. a protein passes or is trapped within this
pore, the current changes. This change in ion mobility is proportional to the volume and
shape of the molecule, allowing to detect a specific protein passing the pore,” or
potentially determine its conformation.*

A key challenge of the nanopore is the limited dwell time of the molecular species in the
pore. If the pore measurement is to be label-free, then other tricks need to be employed
to keep the species trapped as long as possible. The challenge of label-free fixation has
been addressed by placing a DNA origami “plug”,# as shown in Figure I-4. A more recent
study by the same group has shown an increased trapping time for the protein avidin of
100 ms.” However, authors report that challenges remain, with the general aim to
improve the method for trapping times in the range of hours.»

80 1

60 w16

% 0 150
Time [s] 10° counts

Relative Current [%) © Relative Current (%] ®

]
Current [nA]

Figure I-4. NEOtrap: the measurement principle. (a) Sketch of the measurement principle, with a solid-state SiN
pore (grey) coated in a lipid bilayer (yellow), with a DNA origami bead blocking the pore. Violet sphere
illustrates the trapping of the analyte. Pores are indicated as 24-30 nm in size.*? The (b-c) Single-pore
relative current time traces. The grey shaded part indicates the free current, the green shaded part the
docking of the DNA origami plug and the red/violet part the trapping of the analyte (a latex bead or a
ClpP protein). (d) Current changes of a coated and uncoated pore. Schmid et al., iSeience 2021, 24 (10),
103007. DOTI: 10.1016/j.is¢i.2021.103007, licensed under CC BY 4.0.42 DNA-origami image used with
permission of RSC, from Kopatz et al.,* permission conveyed through Copyright Clearance Center, Inc.

The portfolio of single-molecule techniques does not end here. Efforts are made to use
sophisticated measurement techniques, for example on the bases of quantum tunneling*’
ot plasmon based methods* to probe single-protein dynamics. In the following section,
I introduce the plasmon ruler method,” which has been developed in our group.

2.4. The Plasmon Ruler

The method of the plasmon ruler aims to improve on the time limit of single-molecule
studies by replacing dyes with non-bleaching gold particles. The basis of the measurement
is the effect of plasmon coupling, which occurs when two gold particles come into close
proximity. The principle of the plasmon coupling is discussed in greater depth in the
theoretical essentials (chapter 2).

Previously, our group has shown a successful proof-of-concept of this method,
whereby the Hsp90 protein dynamics could be tracked over a period of over 24 h.* Most
importantly, the measurements have shown novel and rare long-lived states in the
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Chapter I: Introduction

conformation dynamics, thus expanding the knowledge of protein behavior. The plasmon
ruler method was shown to be a useful tool to expand the portfolio of single-molecule
measurements, with potential for easy measurement of hundreds of single proteins at the
same time, for time periods that cannot yet be easily accessed by the FRET and similar
methods.

However, for wide-spread application of this method, several optimizations must yet
be performed. One such key challenge is the low yield of successful dimer constructs that
hinders the application of this method to its full potential.

The following section introduces the state-of-the-art plasmon ruler assembly,
summarizing the challenges and previous efforts of my predecessors, which served as a
basis for my work.

3. Hsp90 Plasmon Ruler Assembly—A recap of previous works and
current state

To retrieve reliable information about protein motion, the plasmon ruler must be
assembled at defined chemical sites. In a FRET experiment, the dyes are chemically
attached to the protein in solution, before the construct is deposited onto a pre-passivated
glass substrate for measurement. The same concept is applied to the plasmon ruler
assembly—with certain key differences that I highlight as I explain the protocol in the
following.

3.1. The state-of-the-art plasmon ruler protocol

The plasmon ruler protocol is made of two major components: the protein and the
two particles that replace the dyes.

To attach the protein to the particles at specific sites, the protein is modified by our
collaborators from the group of Thorsten Hugel at the University Freiburg. The
modification switches a 285 tyrosine residue to a cysteine. This introduces a thiol group,
which can later be used for protein attachment in maleimide-mediated reactions (Figure
1-5a).

The second component are the two particles. Contrary to a dye molecule, a gold particle
is—on average—equally reactive across the many square nanometers of its surface. To
give the particles more defined and controllable reactive sites, they are covered by a
polymer mixture. This serves simultaneously as protection against non-specific
aggregation, as I will show in the theoretical essentials (chapter 2). The protocol uses
linear polyethylene glycols (PEGs) with a thiol on one end for the attachment to gold and
another group on the other end. The second group is either neutral (methoxy) for
passivation purposes or reactive (amine) for linking to the protein.

The protocol uses two polymer types: a 2000 g/mol neutral methoxy-PEG (ca. 45
repeating units) for passivation and a 3000 g/mol amino-PEG (ca. 67 repeating units) for
protein attachment. In addition, a small amount of 3000 g/mol biotin-PEG is mixed in
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to attach one particle covalently to a passivated glass slide.” The entire construct is shown

in Figure 1-5b.
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Figure I-5. State-of-the-art Hsp90 plasmon ruler assembly. (a) Hsp90 dimer structure [PDB: 2CG9]%0, with
modified T285C sites marked yellow. The representation of the introduced thiols is exaggerated for
better view. (b) Sketch of the assembled plasmon ruler, approximately to scale. The example shows two
40 nm sized particles, covered by a mixture of polymers and attached to a passivated glass slide by biotin-
streptavidin-chemistry. The protein is attached via reactive thiols to the amino groups in the polymer
shell by activation with the linker molecule SMCC (Succinimidyl-4-(N-maleimidomethyl)cyclohexan-1-
carboxylate). The linker is not shown in the sketch. The glass slide is passivated using silane-PEGs with
a mixture of biotin and methoxy end groups. Detailed protocols are listed in the Appendix.

The reactivity of this polymer shell is tuned by mixing different ratios of the
abovementioned polymers. Following challenges are kept in mind:

(1) The protein must attach with one site per particle only.
(2) There must only be one protein present between two particles.

(3) The particles must be sufficiently reactive, so assembly ideally happens upon first
hit.

The state-of-the-art protocol addresses these points by tuning the polymer ratios. The
particle where the protein is first attached is modified by PEGs carrying 3% amino, 10%
biotin and 87% neutral methoxy groups. This heightens the likelihood that only one
protein will be present between two assembled particles, and lowers the probably of the
second reactive protein site encountering an anchor on the same particle. The second
particle is modified with an increased amount of 15% amino groups, filling the rest with
85% methoxy groups. This ensures a higher reactivity of the particle towards the first.

" The topic of passivation of glass surfaces for single-molecule experiment is broad and not the focus of this work.

The state-of-the-art passivation protocol is referenced in the Appendix. This work sometimes uses other types of
passivation techniques or none at all. When this is the case, the method is indicated in the respective section.
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This protocol sufficed to successfully show that recording of protein motion using a
plasmon ruler is possible.” However, challenges arose, as I show in the following part.

3.2. The problem of low yield and other challenges

First attempts with the plasmon ruler showed the expected signal corresponding to
protein motion. However, the yield of plasmon rulers showing fluctuating motion was
low. Roughly, the yield lay below 4%, and fluctuations were shown in only about one
third of experiments.*””"** Additionally, the study was complicated by the insufficiently
robust glass substrate passivation.” Thus, the method could not yet reliably deliver the
necessary statistics for meaningful protein motion studies.

To address this problem, my predecessor Bastian Flietel further studied the plasmon
ruler assembly.”® His approach to the challenge of the low yield and the substrate
passivation issue was a change of assembly strategy, with initial success.

In Figure 1-6 I show both methods to illustrate the two concepts. **' In the initial
protocol (a), the dimer is assembled sequentially. The first particle is deposited onto a
pre-passivated glass substrate. The protein is added in a second step, and in a third step,
the second particle is flushed in to form the dimer. This method relies on substrate
passivation to control the density of the deposited particles. It also requires several hours
to complete due to its sequential nature.”

In the new method shown by Bastian Flietel (b), called the batch assembly, all
components are mixed together in solution. After a certain reaction time, the mixture of
all constructs is deposited onto a glass substrate. No passivation is used, because the
density of the constructs is adjusted by the particle concentration as they are flushed in.

As Bastial Flietel proved, the second method saves effort and time.”> An additional
positive aspect is that the substrate no longer needs passivation for particle density
control. In his thesis, Bastial Flietel reports that the batch synthesis yielded fluctuating
time traces in 90% of cases, as compared to only one third in the original protocol.
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Figure I-6. Plasmon ruler assembly strategies. (a) Sequential assembly in flow cell: The first particle is anchored
with streptavidin-biotin chemistry onto a pre-passivated, PEGylated glass slide. The protein is added, and
then the second particle is flushed in excess. The passivation prevents a non-specific oversaturation of
the surface with the second particle. (b) Assembly in batch (typically done in a plastic tube): The protein
is added to a dispersion of particles and left to react. The ratio of protein to particles is optimized to
statistically deliver the highest yield of 18%0.52 The resulting mixture of monomers, dimers and multimers
is flushed into a flow chamber. The surface coverage by particle constructs is controlled by dilution of
the mixture.
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However, after initial success, this assembly strategy also stopped yielding results, with
more than ten measurements performed by three independent persons not yielding
fluctuating traces typical of protein motion. Additionally, the batch method showed a
novel type of dynamic signal that was not yet understood.” It was unclear whether the
signal could be attributed to the protein motion, which is problematic for a method that
aims to expand on the current state-of-the-art of single-molecule studies.

Therefore, the central challenges remained: The plasmon ruler assembly protocol was
not yet robust and required further investigation.

4. A more thorough study of challenges is needed

To summarize previous results, the different assembly methods did not yield a
sufficient and reproducible number of dynamic protein traces. This means that the
current protocol is not robust, and the reliability of the data not ensured. At the same
time, the interest in long-term measurements of protein motion persists—also outside
the Hsp90 community.

Addressing these challenges is the basis of my work. My main goal was a sustainable
improvement of the plasmon ruler assembly. My aim was to find key factors playing a
role in assembly success and failure for smart and targeted improvement effort. To
achieve this, I split the challenge into separate questions:

(1) Does the state-of-the-art protocol fulfill the theoretical criteria necessary for
a successful assembly and measurement? And if not, what needs to be changed?

In this context, one factor is the signal strength, which is based on the particle size and
interparticle distance. Additionally, it is important to know if the assembly is colloidally
stable and force-free, which ensures that the dynamic signal can be measured without
interference of additional forces. Lastly, a critical part of the assembly is its kinetics.
Important factors are diffusion and reactivity of the partners, and their relation to the
expected assembly time. Revision of these key factors for assembly is necessary to ensure
its success or explain its failure.

(2) How does reality relate to the theoretical criteria in (1)?

The central part of this question is the particle and its functionalization. Here, the
quality of the polymer layer is the prerequisite for colloidal stability. The polymer layer
thickness, on the other hand, is what determines the final interparticle distance and signal
strength.” Previous works”>” have made theoretical assumptions about the polymer
thickness and the resulting interparticle distance. For a complete picture, these
assumptions now require revision and proof. In addition, particle reactivity is of

importance. Were the particles already sufficiently reactive? Is there room for

" The interparticle distance is made up of the protein and the polymer layer. However, the protein size is fixed, so

the only variable is the polymer layer thickness.
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improvement, and if so, which steps are necessary to improve the functionalization and
make it more stable?

(3) Which part of the assembly process has the biggest influence on its success
or failure?

This question arises when considering the complexity of the assembly. The assembly
is made of particles, but also the protein itself. For instance, the protein could be wrongly
oriented or its binding sites unavailable, thus hindering the assembly. On the other hand,
the chemistry chosen for assembly could be a source of failure due to its inefficiency. The
assembly concept itself could also pose a problem. For targeted protocol improvement,
it is important to differentiate between these factors.

(4) What is the novel signal,” and is it related to the protein motion?

This question is important to answer to increase the robustness and reliability of the
plasmon ruler method itself. Because the signal looks similar to a protein trace but has a
novel multi-level pattern, it is critical to understand its nature. If it is an artifact, then
knowing the cause can prevent it from occurring and getting confused with protein-
related data. If it does belong to the protein, then it is sensible to investigate it further.
For these reasons, the study of the novel signal is paramount for the future application
of the plasmon ruler method.

Finding answers to these questions is the basis for a broader application and reliability
of the plasmon ruler method. In the following, I present a summary of my work and
explain how I addressed these questions.

4.1. Summaries of chapters

In chapter 2, I study the theoretical criteria necessary for assembly. With the
boundary element method (BEM) simulation, I observe signal trends in relation to
particle size and distance. I show that the state-of-the-art protocol lies within a reasonable
range to for signal measurement. Further, I explore the particle dimer stability criteria
with the DLVO (Detjaguin-Landau-Verwey-Overbeek) model, which is suitable to
predict colloidal interactions. I calculate the minimal interparticle distance where the
dimer construct experiences no excessive attractive or repulsive forces. This ensures two
things: The possibility of the construct to readily assemble, and the force-free
measurement of protein movement. Lastly, I predict the assembly time frame, and the
importance of particle reactivity in this process.

Chapter 3 moves to the second question, exploring the relation between particle
functionalization and the predicted ideal state in chapter 2. Here I explore the polymer
layer on the particle, which is important for colloidal stability. I test its robustness under
different conditions, in particular in the protein buffer, and show how to improve it.
Additionally, I quantify the polymer thickness and relate it to the interparticle distance
and coupling strength, revealing discrepancies between previous assumptions and the
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new knowledge. Lastly, I show how polymer modification has a non-neglectable influence
on particle stability, and offer solutions to improve it.

In chapter 4, I address the remaining unknows regarding dimer assembly and single
out the key factor responsible for success and failure. For this I apply a screening scheme
that differentiates between influence factors such as the protein, the assembly tactic and
the chemistry in use. For the chemistry, I use a selection of common strategies known in
biochemistry. With this I single out the chosen chemistry as the main responsible factor
for assembly success.

In chapter 5, I summarize my findings. I give an overview of the answers to the key
questions related to the plasmon ruler dimer assembly and what they mean for the future
of the plasmon ruler method.
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II. THEORETICAL ESSENTIALS

This chapter lies the groundwork for the investigation of the dimer assembly. It serves
two goals: Firstly, to provide a guide for the dimer assembly in terms of key aspects such
as suitable particle size and maximally tolerable interparticle distance. And secondly, to
examine whether the state-of-the-art dimer assembly—with its specific modification and
chosen particle sizes—fits the criteria established by this guide.

To do this, I address the theory behind plasmon coupling, which is the basis for
transducing the protein motion into a spectroscopic signal. This gives an overview over
the general trends, as well as an approximation of a minimal suitable particle size and the
respective interparticle distance. Afterwards, I focus on the assembly basics. For this, 1
inspect interparticle interactions and kinetics involved. The interactions help determine
the balance between colloidal stability and readiness to assemble. The kinetics predict the
time scales during which assembly is expected to happen. Together, they provide the
necessary information about the constraints of the dimer assembly.

1. The plasmon coupling theory

To evaluate the quality of the signal transduction of a plasmon ruler, it is first necessary
to understand how it works. In the plasmon ruler experiment, the protein is labeled with
two nanosized gold particles, which serve as trackers of the protein dynamics. The
principle behind this measurement is similar to the method based on Forster Resonance
Energy Transfer (FRET).”” This method employs the distance-dependent energy
transfer between two dyes to track the labeled protein motion. As previously mentioned
in the introduction, FRET has limitations such a dye bleaching, which significantly
reduces measurement time to the range of minutes. In the plasmon ruler, the dyes are
replaced by non-bleaching gold particles, and the measured effect is the plasmon coupling
strength of the two particles. For better understanding of the results presented in this
chapter, I explain in the following how the plasmon effect and plasmon coupling work.

1.1. The plasmon effect

When an electromagnetic wave passes a nano-sized particle, the electrons in the
conductive band are displaced with the electric field (Figure I1-1a). At the same time, the
positive nuclei remain in place, producing a restoring force. The result is a collective
oscillation of electrons that can be described as a quasiparticle called plasmon.”>* The
plasmon can be approximated with the model of a damped harmonic oscillator, which is
driven by the incident light at the resonance frequency. In practice, this leads to the
observed phenomenon of absorption and scattering, with the strongest effect appearing
at the resonance frequency. For a spherically shaped gold particle, this is seen as a peak
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in the spectrum at the resonance wavelength A.;, where the intensity is the highest (Figure
II-1b).
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Figure II-1. The plasmon effect. (a) When an electromagnetic wave hits a nano-sized gold particle, the conduction
band electrons are periodically displaced against the positive nuclei. (b) Simulated scattering cross section
of 30-60 nm particles. As an example, the resonance frequency Aees is marked for the 60 nm particle.
Details on the simulation are presented in the Appendix A.

Further, the scattering depends on material, shape and volume (as demonstrated in
Figure 11-1b) and environment of a particle.” The latter is the reason why plasmonic gold
particles are employed in sensing applications.”® Another effect is seen when two
plasmonic particles are brought into close proximity, leading to plasmon coupling.

1.2. The plasmon coupling

As soon as the distance between two particles is small enough, the plasmon coupling
occurs. One way to describe it is to see it as a coupling of two harmonic oscillators, which
together form a new system with a red shifted resonant wavelength and stronger
57 1. have shown that the resulting red shift
decays approximately exponentially with the growing interparticle distance, as illustrated

scattering intensity (Figure 11-2a-b).”"™ Jain et a

11 in Figure II-2¢c. The decay can be described with the following equation:
Adres = a - exp (— %)

In this equation, A4 is the resonant wavelength shift. a is the prefactor and b is the
decay constant. The decay constant is in the range of 0.2x the particle diameter, and
significant coupling occurs approximately at an interparticle distance of 2x the particle

L 60
radius.

The exact form of this decay depends on several factors such as particle size and the
refractive index of the medium. A similar correlation is expected for the difference in
scattering intensity caused by the interparticle distance change.®

™ This relationship is described by the Clausius Mossotti equation, for further reading see e.g. Nolting, 2013, p.163,%5
and Bohren and Huffman, 1998.54
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Figure II-2. Plasmon coupling. (a) Plasmon coupling occurs when two particles are placed within a sufficiently close
distance of approximately 2x the particle radius or less.®0 (b) Figure shows a simulated spectrum of a
50 nm particle and the resulting spectrum when it forms a dimer with another 50 nm particle. The specific
interparticle distance is 18 nm, corresponding to the presumed interparticle distance of the state-of-the-
art Hsp90 dimer. Details on the simulation are presented in the Appendix A. The plasmon coupling
results in an increased scattering intensity Al, as well as a small red shift of the resonance wavelength
Ares. (c) Representation of the exponential decay of the signal (either Adyes or Al) with the growing
distance between the particles. Simulated data is used for this illustration, with red squares representing
the signal at a specific distance and the red line the fit, as described by the inset function.

1.3. Tracking the Hsp90 protein motion with plasmon coupling

The presented correlation between interparticle distance and plasmonic coupling
strength permits to estimate the distance between two coupled particles. Consequently,
the motion of a protein between two such plasmonic particles can be translated into a
(quantifiable) signal.

In the case of the Hsp90 protein, the motion of interest is the change between its
“closed” and “open” conformation. Both conformations correspond to two specific
interparticle distances. The interparticle distance consists of the protein itself (8-13 nm*®’
for the closed-open state, measured between the T285C-T285C modified cystein
positions where the protein is attached to the particles), and the two polymer layers on
the respective particles. As a default value, I assume a 5 nm polymer layer thickness for a
3000 g/mol PEG polymer.” This results in a total interparticle distance of 18-23 nm for

the state-of-the-art protein dimer, which I use as a point of reference in this chapter.

The example in Figure 11-3a shows the expected particle spectra for the Hsp90 coupled
dimer in its “closed” and “open” conformation. The protein motion can be followed in
two ways: By tracking the distance-dependent shift of the resonance position Adeg of
the intensity of the spectrum at a given wavelength. Using the example of intensity
change, Figure 1I-3b shows how the tracking of this motion over time produces a

" In the following chapter, T discuss in more detail why this value is not necessarily realistic, and compare it with
experimentally measured values. However, for the sake of consistency with previous publications*°152 and for
simplicity, I use this assumption of 5 nm for the examples in this chapter.

29



Chapter 11: Theoretical Essentials

recorded series of “open” and “closed” states of the protein that can be further analyzed
to extract biological information.
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Figure II-3. Protein dynamics revealed by the plasmon coupling effect. (a) A simulated example spectrum of a
Hsp90 dimer construct made with two 50 nm particles. The protein displays two conformations: an
“open” and “closed” one. The “closed” conformation shrinks the interparticle distance, and the “open”
conformation enlarges the distance. The effect is seen in form of a slight red shift of the resonance
wavelength and in the change of the scattering intensity at a fixed wavelength. For this figure, I used
50 nm particles, with an interparticle distance of 18-23 nm, corresponding to the assumed state-of-the-
art interparticle distances. The details on the simulation are provided in the Appendix A. (b) The switch
from one conformation to the other is recorded over time, producing a “time trace” for a single protein,
which can be as long as many hours.

The opening and closing occurs randomly in a given number of assembled plasmon
rulers, which is why a single-particle visualization technique is necessary to follow and
record individual proteins. Experimentally, this is done with the use of a dark field
microscope setup, the details for which are provided in the Appendix B. Figure II-4a
shows a schematic sketch of the setup. With a small enough interparticle distance and big
enough particle size, it is possible to differentiate between single particle and dimer
constructs, even with the human eye. An example of this is shown in Figure II-4b for
reference, with blue arrows showing the monomer particles and the red arrows pointing
at the brighter and bigger dimers.
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Figure II-4. Single particle measurement. (a) A dark-field microscope is used to excite and collect scattered light of
single particles. The setup is made of a light source, a condenser that redirects the light so it hits the
sample and bypasses the objective, the sample in a flow chamber and the objective that collects light and
transmits it to a camera. More details in the Appendix B. (b) A real color photo of single particles (blue
arrows) and dimers (red arrows). Scalebar: 50 um.

Compared to the difference between a monomer and a dimer, the difference between
an “open” and “closed” dimer is much smaller (compare Figure I1I-2b and Figure I1-3a).
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Therefore, whether or not the protein’s motion can be reliably measured depends on the
interparticle distance and the particle size. One way to gain a measure of this is to predict
the plasmon coupling strength by simulating the particle dimer spectra. This gives an idea
about the general trends related to the ideal distance and size. In the following section, I
present the simulation results and use them to evaluate the current Hsp90 plasmon ruler,
as well as give recommendations for future iterations of the assembly strategy.

1.4. Prediction and evaluation of plasmon coupling strength with
BEM simulations

This part presents the simulations done to predict trends in plasmon coupling between
different pairs of particles at specific interparticle distances. For better understanding, I
first introduce the simulation toolbox, which is necessary to comprehend the strengths
and limits of this method. Further, to compare the particle sizes and signal trends, I
explain the quality parameter called “sensitivity”. Based on this parameter, I evaluate the
state-of-the-art plasmon ruler and I recommend a suitable range for the particle size.

1.4.1. A brief introduction to the MNPBEM tool

The simulations of coupled dimer pairs were done with the MNPBEM (metal
nanoparticle boundary element method) toolbox. For the simulations, I give credit to
Karl Wander and Dr. Sirin Celiksoy, who provided invaluable support.

MNPBEM is a toolbox that predicts the scattering cross section Cic, (nm?) of a particle.
It is important to note that this is not the experimentally measured spectrum intensity.
Ciea represents the frequency-dependent scattering strength of a given particle, and it is
independent of the light source and exposure time. Subsequently, the frequency

dependent scattering intensity, I;.,(w), is proportional to the scattering cross section and
Io(w)
A

the incident light per area, ===, according to:

Ip(w)
Isca(w) = OAw ' Csca(w)

For this reason, I use the terms cross section and intensity interchangeably, even if
strictly speaking I operate with the cross section and not with measured intensity values.

The toolbox calculates the cross section by splitting a particle into elements and solving
the Maxwell equations for each element. Specifically, this approach solves the equations
only for the boundaries between different dielectric materials, rather than the entire
volume.” Inputs and details on the assumptions made for the simulation are listed in the
Appendix A. The simulation was performed for an experimentally reasonable range of
particles between 30 and 60 nm. This is because smaller particles produce a weaker signal
that is more difficult to measure experimentally. On the other hand, particles above 60 nm
experience attractive forces that are increasingly difficult to balance out with suitable
functionalization, while keeping the interparticle distance within a suitable range for a
measurable plasmonic coupling.
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1.4.2. Sensitivity as a measure of quality

A measure of quality is necessary to discuss trends and compare the suitability of one
particle size over another for the measurement of protein motion. One such measure is
the sensitivity of a dimer pair at a given interparticle distance. The sensitivity, in this
context, is a measure for the signal shift depending on the interparticle distance change.
In this work, the sensitivity is given as a numeric derivative of the distance-dependent
signal (Adyes ot Al). This is illustrated in Figure I1-5 using the example of a 30 nm particle
pair. The stronger the signal at a given distance change, the more sensitive is the assembly
towards interparticle distance changes.
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Figure II-5. Sensitivity illustrated with the example of a 30 nm particle pair. (a) Grey line represents the trend of
the resonance position dropping with the interparticle distance. The sensitivity is represented by the slope
of the signal. As an example, this is drawn in for the marked average interparticle distance of the state-
of-the-art dimer (dotted black line). For simplification, individual data points are omitted. (b) Sensitivity
plot of (a), determined by numerical derivation. The black dotted line shows the average interparticle
distance of the state-of-the-art dimer.

In the following sections, I use the sensitivity to discuss the trends for the two possible
detection methods: The resonance wavelength detection and the intensity change
detection.

1.4.3. Tracking protein motion via: Resonance wavelength position

As previously mentioned, one way to read out the protein motion from the plasmon
coupling of two particles is to track the shift of the coupled dimer’s resonance position.
Figure II-6 shows the resonance position extracted form the simulated data for particle
pairs between 30-60 nm. All particle sizes display a similar exponentially decay. However,
the sensitivity (b) shows nuances in the trend.
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Figure II-6. Predicted resonance wavelength shift. (a) Resonance position is plotted against the interparticle
distance for dimer pairs varying from 30 to 60 nm in particle diameter. Individual squares show simulated
data, connected by a guide to the eye. Grey lines mark the interparticle distance resulting from the “open”
and “closed” protein conformation in the state-of-the-art Hsp90 dimer. (b) Sensitivity determined from
data in (a), derived mathematically as a derivative of the Aws. Grey line at 20.5 nm marks the average
interparticle distance between the “closed” and “open” conformation of the Hsp90 protein in the state-
of-the-art assembly. Inset: Sensitivity value trend at the interparticle distance of 20.5 nm, for particle
diameters between 30-60 nm.

Thereby the general trend overserved is that the resonance wavelength shift is higher
for bigger particles, but the exact difference depends strongly on the specific interparticle
distance. In general, the resulting sensitivity is higher at shorter distances and drops
towards larger distances. At the same time, 40-60 nm particles display a comparable
sensitivity until a distance of approximately 14 nm. From a distance of about 18 nm, 50-
60 nm particles retain a constant, highest sensitivity, and the lower particle diameters
drop. For the state-of-the-art dimer, the resulting resonance position shift for particles
between 30 nm and 60 nm range between 1.1-4.9 nm, corresponding to the interparticle
distance change of 5 nm caused by the protein motion.

In terms of the limit of detection, a difference of 1.1 nm is still sufficiently high for a
reliable measurement. However, the tracking of the resonance position requires a
recording of the spectrum. If only one dimer were measured, then this would be a viable
detection method. However, for multiple simultaneously measured dimers, the time
resolution would be too low.

An alternative to this is the tracking of the intensity change at a single wavelength,
which will be discussed in the following section.
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1.4.4. Tracking protein motion via: Intensity change

The measurement of intensity change at a single wavelength is a fast method, requiring
no recording of a spectrum. However, it has certain constraints that need to be minded,
such as the choice of detection wavelength. In the following, I will briefly explain the
relevance of the detection wavelength choice, before discussing the simulated data results.

To measure the motion at a single wavelength, it is first necessary to find the best
position for measurement. This position is called the detection wavelength. Ideally, this
is the place where the difference in intensity is the strongest when the interparticle
distance changes between the “closed” and “open” protein state. The position of
strongest change is where the spectrum displays the highest slope, which is at its full width
half maximum (FHWM), to its right side.” This position is marked in Figure II-7a with a
black line.

In reality, it is not always possible to measure exactly at the FWHM. This is because
nanoparticles are polydisperse, and because the choice of light sources is limited by what
is currently available on the market. Figure II-7b shows how these two factors can impact
the resulting measurement by tracking the resulting sensitivity. This is done for particles
between 30-60 nm at the FWHM (the ideal case) and two fixed LEDs of choice. Notably,
the LED with the wavelength closest to the resonance position leads to a drop in
sensitivity for bigger particles. This is because the spectrum shifts to higher wavelengths
relative to the detection wavelength. Ideally, it is best to avoid LEDs that are too close to
the resonance peak position to avoid this case.
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Figure I1-7. Sensitivity depends on the detection wavelength. (a) Scattering spectrum of a 50 nm particle for the
state-of-the-art Hsp90 dimer, with a distance of 18 nm (red) and 23 nm (pale red). The lines mark
potential detection wavelengths. Examples include the detection at the FWHM (full width half
maximum), which is purely theoretical, and two experimentally available LEDs. (b) Sensitivity determined
at 20.5 nm for particle pairs between 30-60 nm. 20.5 nm is the mean distance of the open and closed
state-of-the-art Hsp90 dimer. The sensitivity value drops when the LED position relative to the spectrum
is not ideal, e.g. when the LED crosses the resonance position or lies to the left of it. Note that the values
for the FWHM are unique for each particle pair. The FWHM is therefore not a fixed value, unlike the
LED:s.

To keep the results in this chapter independent of a specific light source, I will use the
FWHM as a standard for the display of results.

Figure 1I-8 shows the simulated scattering cross section for pairs of particles between
30-60 nm.
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Figure II-8. Predicted intensity change at the FWHM. (a) Scattering cross section plotted against the interparticle
distance for dimer pairs varying from 30 to 60 nm in particle diameter. Individual squares show simulated
data, connected by a guide to the eye. (b) Sensitivity determined by numerical differentiation from data
in (a). Grey line marks the average interparticle distance resulting from the “open” and “closed” protein
conformation in the state-of-the-art Hsp90 dimer (20.5 nm). Inset: Sensitivity value trend at the
interparticle distance of 20.5 nm, for particle diameters between 30-60 nm.

An alternative way of estimating the signal is to compare the relative intensity change
in %, compared to a reference value. This is more practical for estimates, because the
scattering cross section values themselves are disconnected from experimental values that
include additional input of the light source, exposure etc.

For the display, the interparticle distance of 20 nm was chosen as a point of reference.
The respective sensitivity grows with the particle diameter. For the state of-the-art dimer,
the expected relative intensity change for particles between 30-60 nm lies in the range
between 12-20%.
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Figure II-9. Relative intensity change. (a) Scattering cross section plotted against the interparticle distance for dimer
pairs varying from 30 to 60 nm in particle diameter. Individual squares show simulated data, connected
by a guide to the eye. (b) Sensitivity determined by numerical differentiation from data in (a). Grey line
marks the average interparticle distance resulting from the “open” and “closed” protein conformation in
the state-of-the-art Hsp90 dimer (20.5 nm). Inset: Sensitivity value trend at the interparticle distance of
20.5 nm, for particle diameters between 30-60 nm.

So far, the straightforward conclusion is that bigger particles experience stronger
resonance position shifts and relative changes in intensity. Therefore, bigger particles are
advantageous in terms of signal strength. Qualitatively, bigger particles are also easier to
see by eye, as the scattering cross section scales with the square of the particle volume.”*”
Typically, 40 nm particles can still be seen comfortably with the eye, with the distinction
getting harder for smaller diameters. For this reason, I drop the particles smaller than
40 nm from further investigation in the following chapters.

Following this section’s outcome, the biggest possible particles should be employed to
assemble the dimer. However, larger particles also lead increasing attractive interparticle

forces, which are unwanted in the case of the protein dimer. This issue will be highlighted
in the following section.
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2. Assembly

The dimer assembly is a critical step, requiring favorable thermodynamic and kinetic
conditions. When ideal conditions are met, the assembly proceeds specifically at the
designed sites, and as fast as theoretically possible. Key variables in this process are the
particle size, their charge, concentration, the solution properties and the resulting
interparticle distance of the final assembly.

The following sections will discuss these variables by separating the problem into two
major topics: Firstly, by examining the total interaction potential and finding conditions
under which the particles experience neither strong attractive nor repulsive forces. And
secondly, determining on which time scales the assembly is expected to occur. Lastly, the
findings are used to assess the state-of-the-art assembly. In addition, they provide a guide
for future alterations of the assembly process, possibly with other chemistries and
proteins.

2.1. When is the assembly stable and force-free?

Two criteria must be fulfilled for successful dimer assembly and the measurement of
the protein motion. Firstly, the particle solution must be colloidally stable, and secondly,
the assembled dimer must be in a “force-free” state. This means that whichever attractive
and repulsive forces present between the two particles must balance out. Otherwise, the
particles may experience either strong attraction and stick, or repulse each other. Both
cases would prevent free protein motion, and must be avoided.

Colloidal stability—the minimum requirement. A dispersion of particles is
considered colloidally stable when its potential energy barrier is larger than the kinetic

energy of the system.(’(‘

An estimate for this is the comparison of the energy barrier to the
thermal energy of the system, &sT." Colloidal stability is ensured when the repulsive
energy barrier is in the orders of magnitude of several £sT." When no sufficient barrier
is present, the particles aggregate non-specifically (meaning: not at the designed chemical
sites) after a given amount of time. Therefore, colloidal stability is a necessity for dimer

assembly.

The “force-free” state. For this work, this state is defined as the distance between the
two particles where the value of the potential equals or is less than the thermal energy
kT at the interparticle distance corresponding to the assembled dimer. At this distance,
the protein motion can be measured undisturbed by excessive attractive or repulsive

V' kg is the Boltzmann constant, and T the temperature of the system. &g T is defined as the Boltzmann factor, which
characterizes the distribution of a system’s mean kinetic energy at a given temperature.6’

vii . . . . . . . .
This depends on various factors such as particle size, concentration, the dispersion medium and, of course, the

time. For example, Wijenayaka et al.’®® have shown that for a stable 1 week dispersion of 13 nm particles, a barrier of
16 £pT is required.
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forces. This condition is stricter than the previous, because it excludes excessive repulsive
interactions.

To find the conditions under which these criteria are met, it is necessary to account for
all significant interactions between the two particles.

The DLVO theory. One way to approach this problem is to use the DLVO
(Dejarguin-Landau-Vervey-Overbeek) theory.””” This theory describes the interaction
between two bodies, which is mainly governed by the attractive van-der-Walls potential
and (in the case of same-charge particles) the repulsive electrostatic double-layer potential.
For nano-sized particles, this theory gives good approximation up to a size of 1 um,” and
is therefore suitable for the plasmon ruler system under investigation in this work.
Additionally, I account for the polymer shell around the particles by adding the so-called
“entropic repulsion”, which is sometimes also called “steric repulsion”, in the total sum.

The total sum Ejoa) is therefore made of the three components:
Etotal = EVdW + ECoulomb + EEntropic

Eygw: Van der Walls potential
Ecoulomp: Electroctatic double-layer/Coulomb potential
Egntropic: Entropic/steric repulsion

Below, I will first discuss each component individually, before summarizing the total
sum and showing for which particle diameters and interparticle distances the force-free
criterium is fulfilled.

2.1.1.Van der Waals interactions

Van der Walls (vdW) interactions are often the cause for aggregation of particles in
solution. They are present between any two bodies, and result from charge fluctuations
present in any atoms and molecules. For atoms and small molecules, the interaction Eygw
at a distance D is described by the following equation:”

c
L4 Evaw (D) = ——¢"
Cyqw is a factor characterizing the two objects and the medium between. This
interaction is a sum of Keesom (dipole-dipole) and Debye interactions (dipole-induced
dipole) as well as London dispersion interactions between transient dipoles.””™

For more complex and big objects such as nanoscale gold particles, the Hamaker
integral approximation can be used to estimate the interaction energy. This method sums
up vdW interactions between pairs of atoms across the volume of the two particles. The

following formula results for a construct of two spherical gold pa).rticles:72‘73

r2 r?

A 1 472
Evaw (D) = T3 [D(4r+D) + (2r+D)? tapin (1 B (2r+D)2)]
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This formula is derived for particles with equal radii 7 and the edge-to-edge (gold-to-
gold) distance D. The Hamaker constant A" for the gold/water/gold system is
2.5:10" J.”* The contribution of the grafted polymer is a complex problem. On one hand,
the Hamaker constants of the gold/water/PEG and PEG/water/PEG ate smaller
(6.19-10* J and 3.7:10™ ] respectively). Their contribution to the attraction is therefore
expected to be smaller, too. Nonetheless, their vdW attraction contributes strongly at very
small distances of a few nm (see Appendix A). This problem becomes more complex
when considering that the polymer only makes up a small fraction compared to the bulk
of water between the particles.”® The exact composition of the polymer shell is
unknown, so any calculation using tabulated values is only a guess. Since deeper
theoretical studies were not within the scope of this work, I rely on a simple model where

the vdW potential of the polymer is neglected, while acknowledging the limits of this
approximation.

Figure II-10 shows vdW potentials for 40-50-60 nm particles. Here and in all
subsequent figures, the energy values are plotted as multiples of 47T for visual comparison
to the thermal energy.

As expected, the vdW interaction increases with bigger particle size. Accordingly, the
tendency for undesired self-aggregation grows. Experiments with real particles support
this finding: Above the approximate threshold of 60 nm, colloidal stabilization becomes
more challenging. In the cases of weak stabilization (e.g. via additionally grafted
polymers), particles often self-assemble in a golden layer, suggesting that many particles
attach to each other nonspecifically (Figure 1I-10c). Often times, this self-assembly is
reversible by sonication, which means that there is still enough polymer present to ensure
a short-time dispersion. Nonetheless, it is undesired because it often occurs on the scale
of about 24 hours, which is relevant for the protein measurement.

a b
15 40 nm & :-2‘-‘-25
i
10 50nm~ ”_% 20
5 ~ W
T:.n; 60 nm 'E
A 2
o 0 -§ 15
5 B
g 10
-10 S
N
-15 3 5
0 10 20 30 40 40 50 60
D (nm) Farticle diameter (nm)

Figure II-10. Van der Waals attraction between particles. (a) VAW attraction calculated for 40-60 nm particles.
Dashed grey line represents the thermal energy £gT. (b) The vdW interaction grows with particle size,
represented by distance at which the vdW interaction equals the thermal energy £p1 at 275 K. (c) Photos
on the right show particle samples stabilized by 2000 g/mol methoxy-PEG polymer. Whereas smaller
49 nm particles remain well redispersed over days, particles above the approximate threshold of 60 nm
often show self-aggregation over the course of 24 h, resulting in an optically discernible gold film.

Y™ The Hamaker constant is derived from the Cyqw by accounting for the number density of atoms of the two
bodies involved.
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As the findings show, the particles experience increasing vdW attraction with growing
size, which needs to be compensated by sufficient repulsion.

2.1.2. Coulomb/Electrostatic double-layer interactions

One possible source of repulsion (or attraction in the case of opposite charges) is the
electrostatic interaction. Below I will first describe the Coulomb’s law, which is the basis
for the estimation of the interaction strength. After that I will describe how this law can
be applied to the gold particles, and the critical role which the particle charge and medium
play in the interaction strength. Lastly, I show how the interaction potential affects the
assembly under the specific experimental conditions.

The Coulomb’s law. Electrostatic interactions are present between any charged
objects. According to Coulomb’s law, the potential Ecoyiomp 1S proportional to object’s
charge q. It is also inversely proportional the product of the (constant) permittivity in the
vacuum (£q) and the experimentally variable dielectric permittivity of medium around the
objects (&) as well as the distance D between them.”

9192

ECoulomb = 4megeD

Thereby, same-charged objects experience repulsion, and differently charged objects
experience attraction. The more charges are present, the stronger is the interaction.
Additionally, the medium between the objects can weaken this interaction. In practice,
the buffer medium used in the assembly can be approximated as water. Therefore, the
critical remaining variable is the particle charge.

The charge of gold particles in a buffer medium. To understand the charge of the
gold particle and the medium’s effect on it, it is necessary to first look at its source.

The surface of gold particles has been shown to be largely attractive for anions.” This
is because surface gold atoms have a lower coordination number compared to atoms in
bulk. Subsequently, this electrophilic character is stronger for atoms on the edges and
corners compared to planar faces.”’® Additionally, the bare surface properties of gold are
modified by polatization effects caused by the water molecules.”

When placed in an aqueous buffer, as is the case in the plasmon ruler assembly, a gold
particle experiences the following effects: Its electrophilic surface attracts anions, and the
anions attract cations. This is the result of electrostatic attraction, which at the same time
is counteracted by entropy and the thermal motion, which drives the charges away. The
end result is the formation of an electrostatic double layer around the particle, illustrated
in Figure 1I-11.

The first layer of ions, called the Stern layer, is tightly bound to the gold surface. Beyond
that is an ion cloud that is not as tightly bound, but that moves together with the particle.
The boundary between the bound and free charges is called the slipping plane. Beyond it
follows the diffuse layer of ions. A practical measure of the effective total particle charge
is the {-potential (read as: Zeta). {-potential represents the potential at the slipping plane.
It is experimentally measurable and, in the context of electrostatic interactions between

particles, more relevant than the “true” surface potential of a particle.””™
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Figure II-11. Gold particles in an electrolyte solution. Left: The sketch shows how ions are attracted to the
electrophilic gold surface, and the attraction counteracted by entropy and the thermal motion. Right: As
a result, the particle’s surface potential is shielded by the electric double layer (also called Stern layer, with
its respective Stern potential) and the diffuse charges beyond. The ions become more diffuse with
growing distance from the particle surface, but they are still attracted by the particle. The slipping plane
marks the boundary where the ions begin to move freely in the diffuse layer. The §-potential is measured
at this boundary. Inset: shows the location of the respective potentials at the respective distance.

To further complicate this picture, gold particles are not present in the “bare” state in
colloidal solutions. Stabilizing molecules are added during the particle synthesis. Most
commonly, the molecules are electrostatic agents themselves, such as sodium citrate or
cetyltrimethylammonium chloride/bromide (CTAC, CTAB, rtespectively).”™ The
aforementioned molecules are physisorbed onto gold, and provide additional charges to
stabilize the particles against aggregation. Alternatively, physi- or chemisorbed neutral
polymers such as PEG (polyethylene glycol)* can both stabilize the particles with steric
repulsion, as well as contribute charges if the polymer has charged functional end groups
(e.g. COO, NH3"). In total, the resulting charge of a particle is a sum of all physi- and
chemisorbed species on its surface.

One last contributing factor to account for is the buffer’s ionic strength. This is
important because dissolved ions are attracted to the present charges, resulting in a
shielding effect that masks the charges of one particle from those of another. The higher
the content of salt, the higher the shielding, and the less effective is the stabilizing effect
provided by charged molecules such as sodium citrate or CTAC.

The contribution of the ionic strength can be described using the Debye length, k.

The Debye length is defined as the length at which the original electric potential has
decayed to 1/e. It is only dependent on the properties of the solution, and is shorter for
higher ionic strengths. The Debye length can be calculated using the concentration of the
ions, ¢. For 1:1 salts such as e.g. KCI, the Debye length can be described with the
following, simplified formula for a temperature of 25°C:¢'?

1 _ (foerkgT\1/?% _ 107°
k1= (—prez) = 0.304-~— [m]

Poo: bulk ion concentration
e: elemental charge

The electrostatic interaction between two particles can now be calculated by accounting
for its effective potential in the form of {-potential, as well as the medium’s ionic strength.
For two spherical gold particles with a radius 7 at a distance D, the Coulomb’s law is
modified to the following expression:
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2
ECoulomb (D) = (%) ZeKD

In this simplified expression, the interaction constant Z includes the dielectric
properties of the medium as well as the effective particle charge. The detailed calculation,
including values for the dielectric constants, is presented in the Appendix A.

To summarize, three experimentally variable inputs influence the electrostatic
potential: the particle size, the {-potential and the ionic strength of the aquatic medium.
In the following section, I will show how these variables affect the potential, and what it
means for the plasmon ruler assembly.

The role of the ionic strength. As a first study, I show how the ionic strength of the
buffer affects the electrostatic potential. The particles in a state-of-the-art dimer assembly
are same-charge, and therefore experience repulsion. The magnitude of this repulsion
however is influenced by the ionic strength of the buffer and the resulting charge
shielding. Therefore, this estimation helps predict whether or not the resulting repulsion
is strong enough to negatively affect assembly.

To illustrate the trend, I use a 50 nm particle for this example, which represents the
average suitable size value. I also fix the {-potential to a realistic average value of 10 mV,
* while vatying the remaining variable within an expetimentally reasonable range. Figure
II-12 shows how the variation of the ionic strength affects the total potential.
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Figure II-12. Influence of the ionic strength on the electrostatic potential. (a) Van der Waals attractive potential
(green) for a 50 nm sphere with a hypothetical {-potential of 10 mV, and respective electrostatic potentials
(blue) resulting from variable ionic strengths. The ionic strengths correspond to solutions of a 1:1 salt
NaCl. (b) The total sum of van der Waals attraction and electrostatic repulsion. Black arrow points to the
threshold concentration of 18 mM where the potential well is only as deep as the thermal energy.

As seen in (a), the total electrostatic repulsion is gradually dampened with growing salt
content in the solution. The total sum of both the vdW and the respective repulsive

™ For the end result, it does not matter if the potential has a positive or a negative sign, as either would result in the
same repulsion. The value of 10 mV is derived as a good enough approximation for particles used in the typical state-
of-the-art dimer assembly.83
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potentials shows that, starting from a concentration 18 mM, the attractive minimum
crosses the thermal energy threshold. This means that concentrations of salt higher than
this threshold will increase the interparticle attraction, to a point where the particles
aggregate irreversibly if they are able to approach each other closely enough.

In the Hsp90 plasmon ruler experiment, the protein buffer in use is made of 40 mM
HEPES (2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethane-1-sulfonic acid), containing 10 mM
MgCl; and either 50 mM or 150 mM KCl, at pH 7.4.“”"* The resulting ionic strength is
therefore high enough to shield a particle with any {-potential below 10 mV. This means
that particles are expected to aggregate, in absence of additional stabilizing agents.

The following section will show that this is equally the case for particles with higher
(realistically possible) {-potentials as well.

The role of the {-potential. In accordance with the Coulomb’s law, more charges lead
to stronger electrostatic interaction. Therefore, it is reasonable to assume that with a high
enough {-potential, the particles may experience enough repulsive force, even in a high
ionic strength medium.

The {-potential can differ depending on the adsorbed and bound species on the gold
sutface. In particular, highly charged molecules such as DNA or carboxy/amino end
groups on PEG can lead to an increase of several tenth of mV. For estimation of this
trend, I selected a range of {-potentials between 0-100 mV, which covers most common
functionalizations.”

Most importantly, whether or not the {-potential plays a role depends strongly on the
ionic strength. For this demonstration, I use the experimentally relevant protein buffers:
(1) a HEPES buffer with 50 mM KCl and (2) a HEPES buffer with 150 mM KCI. Both

have been used interchangeably in previous work with the Hsp90 protein.*>"**

The lower salt protein buffer (1) results in Figure II-13b show a relatively deep
attractive minima (below -10 £&gT) for {-potentials between 10-100 mV. Interestingly,
both potential wells have a similar depth for both 10 and 100 mV, but the energy barrier
to cross over the minimum is higher for the 100 mV. Lower potentials show no repulsion
at all.
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Figure I1-13. Influence of the {-potential on the electrostatic potential for a buffer containing 50 mM KCI. (a)
Electrostatic repulsion calculated for {-potentials between 0-100 mV for a 50 nm particle (blue lines).
Respective vdW potential is shown in green. (b) The total sum of vdW and electrostatic potentials for
each {-potential. Between 10-100 mV, the electrostatic repulsion is sufficient to produce a first minimum
with a depth a little below -10 £gT. Inset on the right shows the fixed variables (particle size, 50 nm, and
buffer condition).

This situation looks expectedly more dramatic for the high salt buffer (2) (Figure 11-14).
The repulsion is so weak that the interaction is governed entirely by the vdW attraction
for all {-potentials.

a

15 E Electrostatic repuls?on 15 Total Sum
H Van der Waals attraction
10 10 — +/-0mV
shio +/-1mV
5 == +/-10 mV
= 15— —_—
% Lk ) | E‘: . +/-100 mV ~ ISO am
w 0 T w e HEPES buffer
-5 5 150 mM KCl
-10 15 -10
-15 0 5 -15
0 10 20 30 40 0 10 20 30 40
D (nm) D (nm)

Figure 1I-14. Influence of the {-potential on the electrostatic potential for a buffer containing 150 mM KCI. (a)
Electrostatic repulsion calculated for {-potentials between 0-100 mV for a 50 nm particle (blue lines).
Respective vdW potential is shown in green. (b) The total sum of vdW and electrostatic potentials for
cach {-potential. Compared to the 50 mM KCI buffer, neither {-potential leads to a sufficiently high
clectrostatic repulsion. Inset on the right shows the fixed variables (particle size, 50 nm, and buffer
condition).

In summary, the contribution of the {-potential is irrelevant to the particle stabilization
under the given buffer conditions. Therefore, regardless of the chosen particle charge and
functionalization, electrostatic interactions play no role in the particle stabilization.

One remaining variable that is not discussed in greater detail here is the particle size.
In the Appendix A, I show that it has a comparatively small effect within the chosen
particle range. Additional supplementary information related to the calculations done in
this section is also documented in the Appendix.

This section has shown that particles cannot be stabilized against aggregation with
electrostatic interactions under the given buffer conditions. This means that the relevant
component responsible for colloidal stability is the repulsive steric interaction, which is
discussed as follows.
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2.1.3. Repulsive steric interaction

Since assembly experiments take place under high salt conditions where electrostatic
repulsion is not sufficient to counteract vdW attraction, the particles must be stabilized
by steric repulsion. This can be done by using hydrophilic polymers as spacers. A polymer
shell still experiences van der Waals attraction, but this is counteracted by more dominant
steric repulsion. In the case of the hydrophilic polymer PEG, the repulsion is generated
by two factors: the unfavored, reduced entropy when the polymer chains overlap, and the
unfavored displacement of water.”'®*"

ZAmbé et al.” have shown how the repulsion Ecauopic can be described for two particles
at a distance D. Thereby the particles are covered by a polymer layer with a thickness 6,
and a respective grafting density in the form of average polymer chain distance s:"

= i 2o](5) -]+ 5[ G) ]+ 12 - )

The grafting density and the polymer length are connected: the denser the layer, the
thicker the shell. Depending on density (and chain length), the polymer can take on
different conformations when grafted onto a surface. Literature differentiates between

two extreme cases: the mushroom conformation (polymer layer thickness is close to the
diameter of its coil in solution) and the brush conformation (polymer layer thickness is
bigger than the diameter of its coil in solution). Figure II-15 illustrates the two cases,
comparing them to the unattached polymer.

Ry
Unattached polymer  Mushroom Brush
Rp = aRg Z<os Bsa

Figure II-15. PEG configurations. Grafted PEG can take on different configurations, with the two limiting cases
called mushroom and brush. The cases are defined by comparing the Flory Radius R of the free polymer
to the distance between the grafted polymer attachment points s, which roughly describes the lateral
space that a single polymer occupies on the particle. Rg describes the radius of a polymer coil in a given
solvent. It is related to the gyration radius Rg of a coil in equilibrium (experiencing neither attractive or
repulsive forces) through a factor a, which accounts for interactions resulting from the respective
solvent.”0 Mushroom configurations correspond to a grafted polymer size similar to that of the free
polymer, and brush configurations take up much less lateral space, becoming elongated instead.84

Consequently, a polymer of N repeating units has a range of lengths it can take in a
grafted state. For estimation, I illustrate this range for PEG polymers commonly used
with gold particles, from 2000 to 5000 g/mol (corresponding to about 45-113 repeating
units). Figure II-16 shows the smallest polymer thickness using the Flory estimation,
corresponding to the mushroom conformation. This assumes that the polymer length
equals approximately the diameter of the polymer in solution. Theoretically, the upper
boundary is represented by the polymer in a fully stretched line. This would be an extreme
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and unlikely case of a brush conformation. Many sources reference the work of Jeppesen
et al.®> when estimating brush conformation. Their fully stretched polymer length was
determined by pulling apart polymer covered mica beads, and observing at which point
the linking bond (biotin-streptavidin) was broken. This is, of course, also an overestimate
of a realistic, unperturbed polymer on a particle. Nonetheless, it is a useful point of
reference. I have therefore used their data as an estimate for the polymer conformation,
as shown in Figure II-16.
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Figure I1-16. Grafted polymer lengths. A polymer can take on different configurations when grafted onto a surface.
For the lower boundary, the Flory approach can be used to estimate the grafted polymer thickness. The
upper boundary corresponds to a more stretched and denser brush conformation. Both are smaller than
the contour length of the polymer chain. Data used from Jeppesen et al.8

The grey shaded area in Figure 1I-16 marks the possible resulting polymer lengths
between a mushroom and a brush conformation. For a 2000 g/mol PEG used in the
state-of-the-art plasmon ruler protocol, this could mean that the polymer length is
anywhere between 4-12 nm. This affects the interparticle distance, and the expected
intensity change between the “open” and “closed” protein conformations.

To showcase the significance of this range, I use formula 0 for the example case of two
50 nm particles. For the polymer, I use experimental data for the grafting density and
polymer length from the study of Li et al.* The study used a 2000 g/mol PEG polymer,
with the polymer layer thickness ranging across 3.9-5.7-9.4 nm, with respective grafting
densities: 0.18-0.54-2.47 chains/nm” (Note how the polymer length falls well into the
grey shaded area of expected polymer thickness in Figure I1-16.)

The resulting total interaction potential (Figure 1I-17) shows that only the thickest
polymer layer (9.4 nm) produces an attractive potential well in the range of &sT. Smaller
grafting densities and subsequently less thick polymer layers lead to deeper potential wells,
and therefore to stronger attraction and aggregation.
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Figure II-17. Role of polymer length and grafting density. The total interaction potential is displayed for two gold
spheres of 50 nm, in HEPES buffer (150 mM KCI), and presuming for simplicity that the particles are
not charged ({= 0 mV). Polymer density and length data was taken from Li et al.; grafting density was
converted to average PEG-to-PEG distance. Grey dotted lines indicate the thermal energy As1. A
potential well deeper than £gT appears when the polymer thickness shrinks due to lower grafting density.

For steric stabilization of a particle sample, this means that it is not enough to simply
pick a polymer with a suitable weight. The final polymer layer thickness must be tested,
e.g. using dynamic light scattering (DLS). This ensures that the polymer layer produces a
sufficiently large interparticle distance, where the particle attraction drops below £sT, as
illustrated in the sketch in Figure II-18a.

The table in Figure II-18 summarizes the minimal polymer layer thickness necessary to
stabilize particle sizes 40-50-60 nm. This minimal thickness provides the distance where
the attractive interaction is at the threshold of the thermal energy. This thickness can be
achieved either by choosing longer polymer chains or tuning the grafted polymer
conformation. As seen for smaller PEG chains in the weight range of 2000 g/mol (Figure
II-18c), the brush conformation is necessary for good stabilization. Bigger chains above
~5000 g/mol are expected to give a sufficiently thick layer even in mushroom
conformation.
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Figure II-18. Minimal polymer layer thickness. (a) Sketch of two particles covered by a polymer. The polymer layer
must provide a sufficient minimal distance between the particles, so that the total interaction energy
potential is equal to or less than the thermal energy, £s71. (b) Table summarizing the minimal interparticle
distance at at which the criterium in (a) is fulfilled, for the respective particle size. The interparticle
distance corresponds to a certain polymer thickness, that can be achieved either by choosing a longer
polymer or tuning the polymer conformation. (¢) Graph from Figure 11-16, showing polymer thickness
depending on polymer weight of the linear PEG. The figure shows the possible lengths the grafted
polymer can achieve through a tuning of conformation. The drawn in lines shows the minimal necessary
polymer layer thickness for the stability criterium in (a) for different particle sizes. Shaded grey area above
these lines shows the desirable achievable polymer layer thickness.

2.1.4. Conclusion: The polymer layer is a critical factor

The theoretical calculations have shown that attractive vdW interaction exceeds the
thermal energy threshold starting from an interparticle distance between 13-20 nm. Under
the experimental buffer conditions, this attraction cannot be balanced out by electrostatic
repulsion. This leaves the steric stabilization as the main significant interaction that
prevents unwanted aggregation and attractive forces.

In this context, the findings show that the 2000 g/mol and 3000 g/mol PEG mixtures
used in the state-of-the-art assembly protocol can potentially ensure good particle
stability. However, this depends on the polymer conformation. High fractions of the
shorter PEG in a mushroom conformation are problematic, and are not expected to
sufficiently stabilize particles above the threshold of 40 nm. Practically, this means that
the polymer thickness needs to be controlled, and measures taken to ensure the
preference of the brush conformation.

If the polymer layer is sufficiently thick, then the particles should be stable against
aggregation, and the protein motion should not be hindered by attractive or repulsive
interactions. This condition is also favorable for assembly speed: In the absence of
repulsive interactions, the dimer construct assembly should be controlled by diffusion
and reactivity only. The next section follows up on this topic.
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2.2. Kinetics: Assembly under diffusion-controlled conditions

Knowledge of the expected assembly time is important when working with fragile
molecules. Proteins in particular require careful handling in a temperature-controlled
environment, which is not necessarily optimal for diffusion-controlled assembly. As such,
assembly conditions influencing the reaction time have to strike a balance between the
protein’s needs and conditions for the fastest possible reaction.

The following subsections will introduce the theory behind diffusion-controlled
assembly and summarize on which timescales the assembly is expected to happen.

2.2.1. Estimating diffusion-controlled assembly—the theory

If the particles are tailored to be force-free, the reaction between particles can be
described as diffusion-controlled. This means that in order for assembly to happen, two
reaction partners need to diffuse into each other’s proximity, and that no repulsive barrier
is present to hinder approach.

Diffusion time is a parameter that can be used to measure and predict assembly time.
The Stokes-Einstein equation relates the diffusion coefficient Dy to the temperature T,
the solution’s viscosity 77 and the Boltzmann constant 4p as well as the particle radius Rp.

— _ksT_
H ™ ¢anRry

The temperature is a fixed variable, as it cannot be varied to prevent protein damage.
Thus, the only variable of interest is the particle radius. Figure 1I-19 shows how the
diffusion coefficient drops when comparing a <1 nm molecule to a much bigger 60 nm
particle. Table 1 summarizes the diffusion data used in this figure.
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Figure II-19. Diffusion coefficient. Calculated diffusion coefficients for various nanoscale objects such as a small

dye molecule (radius <1nm), the Hsp90 protein (marked in red), a small 5 nm gold particle and a bigger
60 nm gold particle covered by a 4.5 nm PEG layer (marked in grey shade).
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Table 1. Diffusion coefficients of example molecules. Values for rhodamine 6G and Hsp90 are taken from
literature, and those for the particles were estimated using the Stokes-Einstein equation.

Species Ry (nm) Dy (m?/s)

Rhodamine 6G

[87] .10)-10
(fluorescent dye) 0.6 4.2-10

Hsp90 5.2 18 2.8-101

5 nm particle + i
3000 g/mol PEG 73 3310

60 nm particle + 35 701012

3000 g/mol PEG

Another variable necessary for estimation of the reaction time is the particle
concentration, which determines the average distance from reaction partner A to partner
B. Assuming, for simplicity, that reaction partner A is fixed and the other diffuses towards
it on the shortest path possible, we can calculate the reaction time tgjrect using the average
interparticle distance and the diffusion coefficient.

2

Lairect ~ ;‘.ﬁ
n is the average interparticle edge-to-edge distance. For calculation of # from a given
concentration, I refer to the Appendix A. Figure II-20a shows how reaction time drops
with growing concentration and shorter average distance between the reaction partners.
In addition, graphic b shows an exemplary calculation of tgjrect for a small diffusing

molecule as well as for a large 60 nm particle, with a diffusion time of 14 ms and 860 s
each.

a b
4
3

=
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Figure II-20. Concentration and reaction time. (a) Relationship between the particle concentration and reaction
time. Arrow marks experimentally relevant concentration range* for nanoscale particles. (b) An example
calculation for diffusion time at a specific concentration for a small molecule (thodamine, Dy=4.2-10-10
m2/s) and a big particle (60 nm+PEG layer, Dpy=7.1-10"12m2/s) at a concentration of 0.1 nM, with an
average interparticle distance of 2480 nm.

* Higher concentrations are impractical because they are difficult to achieve, especially for bigger particles. The
resulting dispersion is also viscous, so the Stokes-Einstein equation would have to be modified to account for that. On
the other hand, smaller concentrations are also impractical due to longer average diffusion time to the next best partner.
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This rough estimation suggests that even bigger particles should assemble within a time
frame that barely makes a difference when compared to the total handling time within a
laboratory experiment performed by human hand. Therefore, neither repulsive forces nor
diffusion should prose a problem for the assembly. This leaves two significant parameters
to consider, which is the fact that a particle realistically does not diffuse following a
straight line, and also does not necessarily react upon first hit.

2.2.2. Reactivity is a critical and unknown factor

As already remarked by my predecessor Bastian Flietel”, the abovementioned
calculation is merely the ideal case. In reality, however, the reacting partners may have
varying reactivity as well as not take the straightest path towards each other. Grebenkov

190

et al.”’ have accounted for these factors in the derived equation 7 below, which I

reproduce here to complete the theory.

3 3 3
_ (rcenter_rpnrticle)(ZR —T center!particle (rcellter+rparticle)) R’ —Tparticle
tmean -

6DyToT particle 3'"'parti::le3

Tcenter 18 the distance of the diffusing species to its target, and Tparticle 18 the radius of
the target. R represents the radius of volume around the target. Additionally, there is the
reactivity factor K, with k = o0 cotresponding to perfect reactivity. Bastian Flietel®
calculated that, depending on reactivity and for a particle concentration of 0.1 nM, the
assembly could happen anywhere below 10 min.

However, the question remains why no significant assembly has been seen for the state-
of-the-art system, suggesting that the realistic reactivity is far below the optimal value.

3. Theoretical essentials—the summary

The findings show that the choice of the ideal assembly parameters is complex. To
start, the parameters (particle size, interparticle distance, respective attractive forces and
diffusion coefficients) are interconnected. Plasmon theory says that bigger particles are
better in terms of signal for the Hsp90 assembled dimer. The maximal particle size
however is limited by the growing attractive vdW interactions, which have to be balanced
by means of steric repulsion. The bigger the particle size, the thicker is the necessary
polymer distance and the bigger the final interparticle distance. This lowers the plasmonic
coupling and sensitivity of the dimer. Under the present conditions and with the state-of-
the-art PEG polymers in use, a safe particle size is in the range of 50 nm, but not above
60 nm. Special attention should also be given to the polymer grafting process, so that the
polymer thickness is sufficient to stabilize the particles.

In terms of assembly speed, theory suggests that the process of one reaction partner
meeting the other is fast enough to happen on a scale of minutes. This is still the case
even for bigger particles with a diffusion coefficient some orders of magnitude slower
than that of small molecules.

While the overall model of straight diffusion to the reaction partner is admittedly
simplified compared to reality, it nonetheless shows that the biggest challenge is the
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reactivity of both partners. There should be enough linking groups in a close proximity
over the particle’s surface, so that one hit leads to a guaranteed reaction with one of these
groups. In addition, the specific chemistry between the linkers can also facilitate reaction
through its intrinsic reactivity, which is independent of the density of linkers on the
particle’s surface.

In total, theory says that the dimer assembly should happen and fluctuation signal is
measurable under the given conditions. However, experiments show a low assembly yield
and in many cases no fluctuation signal indicative of the protein motion, as explained in
the introduction (chapter 1). This suggests a discrepancy between reality and assumptions
made in the theory.

The following two chapters lean onto this discussion, exploring the experimental
findings regarding interparticle distance, particle stability as well as reactivity in relation
to the dimer assembly.
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II1. PARTICLE FUNCTIONALIZATION —
QUANTITY AND QUALITY

The chemical functionalization of a particle is the basis for a successful assembly. It is
a step that is essential for colloidal stability, sufficient reactivity and a force-free protein
measurement. Further, the thickness of the functionalization layer determines the
interparticle distance. Previous works in our group’ have relied on theoretical
assumptions to determine variables such as the polymer layer thickness, its state when
grafted onto the particle and its quality. However, because there is a discrepancy between
theoretically predicted assembly success and experimental failure, further investigation is
necessary.

To fill in the gaps in the current knowledge, I investigated the particle functionalization
and present the results in this chapter.

1. Functionalization is complex

To get an understanding of potential pitfalls and complications, I studied the state-of-
the-art protocol and compared it to the current knowledge in literature.

The state-of-the-art dimer assembly relies on previously established functionalization
protocols.””** As explained in the introduction, the basis of the functionalization is a
linear PEG polymer with a thiol group to attach to the gold surface and second reactive
end group on the opposite end for further modification and assembly. This type of
functionalization is common and well established in literature, especially in the context of

drug delivery and nanocarriers.*”

At the same time, there exist several hints that this reaction is not as straightforward as
generally assumed. This is reflected in works that characterize and address certain
challenges, such as improving the polymer grafting density for better stealth properties in
vivo applications.” Such works involve tuning of the grafting density, most often to force
the polymer into the preferred brush conformation for a thicker layer.*” The general
summary of these works is that a simple ligand exchange reaction does not necessarily
yield a polymer layer that is sufficiently thick for colloidal stability and immune against
adsorption of biological components, e.g. proteins. The latter in particular is a critical
factor for the protein dimer assembly, since nonspecific adsorption of the Hsp90 protein
would lead to a lack of correct assembly or improper assembly.

Another complication step is added when a second polymer end group is introduced.

1.94

For example, Toro-Mendoza et al.”* suspect a variation in grafting density depending on

the end group, and observe differences in stealth properties between methoxy, amino and
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carboxy-PEG. Additionally, Retout et al.”” found a complication when functionalizing
particles with PEG mixtures, in a similar way that is done in the Hsp90 dimer assembly.
They discovered that the ratios of a PEG mixture in solution are not necessarily the same
as on the grafted particle, a fact that has implications for particle reactivity in assembly.

As seen in this short overview, the seemingly straight-forward functionalization is
complicated. This is a problem for the dimer assembly, where the interparticle distance
and the particle quality must fulfill strict criteria to ensure sufficient plasmon coupling
strength, colloidal stability and a force-free protein movement. Therefore, there is a need
for deeper understanding of the particle functionalization in the plasmon ruler dimer
assembly.

2. The “unknows” to be addressed in this chapter

Together with the abovementioned complications, it is clear that the quality and
quantity of the particle functionalization should not be taken for granted. To
systematically address this challenge, I single out two categories that I refer to as the
“unknowns” and sketch in Figure I11-1. The first category relates to the “bulk” properties
of the polymer (a). Important keywords are the polymer layer thickness as well as the
polymer conformation. This is critical for the interparticle distance, the colloidal stability
and the minimization of nonspecific interactions, e.g. with other particles or the protein.
The second topic is related to the second reactive end group (b), and how it affects
stability and reactivity of a particle. This is a critical part, since reactivity of the dimer
assembly is one of the areas in need of improvement.

a b

?
4

(9

Figure III-1. “Unknowns” of the particle functionalization. (a) Sketch of a particle with a polymer layer. The
unknown factors are the polymer conformation and the resulting layer thickness. (b) Sketch of a particle
depicting reactive end groups (blue symbols). The exact location of end groups and their availability for
reaction is not known.

I begin this chapter with part (a), quantifying the polymer shell and determining its
quality as well as potential for improvement. After that, I investigate the complications
related to part (b), and conclude this work package with a comparison to the theory
presented in chapter 2, highlighting the importance of particle functionalization in the
assembly process.
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3. Quantifying the “bulk” properties of the polymer layer

The polymer layer on top of a particle is a critical component, serving to stabilize the
particle against nonspecific aggregation, and determining the future interparticle dimer
distance. As observed in the previous chapter, the polymer is a flexible construct, and
straightforward grafting may or may not result in a shell with desirable thickness and
density. Here, I investigate its bulk properties and compare them to theoretical
predictions.

3.1. A recap of the functionalization strategy

In the state-of-the-art plasmon ruler experiment, particles are coated with a PEG
polymer. This linear polymer carries a thiol group to covalently attach to the gold surface,
and another group that is either non reactive (methoxy group) or reactive (e.g. amino
group for maleimide chemistry). The polymer is grafted using a ligand exchange reaction,
as illustrated in Figure I1I-2. This means that the polymer is added to a particle dispersion
already covered by a stabilizer molecule, e.g. cetyltrimethylammonium chloride (CTAC,
Figure III-2a). Since this molecule is not covalently attached, there is a constant exchange
of molecules until all CT'AC is replaced by covalently attached PEG (b).

a
HiC_  CHg
cr N
HaC” B N N NP,
HaC/\\-/\\/\/'\/‘\./\/\/\N*’aH3 cr
He CHy
b Ligand exchange

5 \/\O,['\/O\I/OCHS
n
'5 \/\04\/04/'\1 H,
m

Figure ITI-2. PEGylation. (a) Sketch of a gold particle surface and the attached CTAC molecule. The patticle is
electrostatically stabilized CTAC. (b) Sketch of a gold particle surface with a thiol-attached PEG. The
example shows two end groups in use in the state-of-the-art protocol: methoxy and amino. In a ligand-
exchange reaction, the CTAC is gradually replaced by covalently attached PEG.

At first glance, this is a seemingly straightforward reaction. However, a complication
arises from the polymer’s flexible nature, which may yield any result between a mushroom
and brush conformation. This leaves a lot of freedom between either alow or high density
polymer shell.

As mentioned previously, this step cannot be left to uncertainty. This is because
particles covered by a low density polymer tend to interact nonspecifically with each other
and/or other molecules such as proteins.**” This may lead to unwanted nonspecifically
formed aggregates, or proteins that are not propetrly attached via the intended linking
sites. Both would lower the potential protein dimer yield. Additionally, a lack of
knowledge about the polymer thickness leads to uncertainty in the interparticle distance,
which is critical for plasmon coupling strength and the measured signal.

To address the issues, I assessed the state-of-the-art functionalization protocol and
modified it for better grafting density and polymer thickness. I quantified the improved
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thickness with DLS measurements, and estimated its stability in protein buffer conditions.
The improved protocol was later used for all subsequent assembly experiments.

3.2. The functionalization protocol can be further improved

To understand the current state of the functionalization protocol, I conducted a study
to see if the polymer layer stability, thickness and grafting density can be further tuned.

3.2.1. How to tune the grafted polymer conformation: An overview

The problem of tuning the polymer conformation—and thus its thickness and
density—on any given surface is known in literature. There are several ways, e.g. switching
¢ which yield a higher density by
avoiding the steric repulsion between the polymer chains. This particular process however

from the grafting-to process to the grafting-from,”

requires a development of an entirely new protocol, where the polymerization happens
on the particle itself. A simpler possibility is tuning the ratio between particle and
polymer,* with a higher ratio yielding higher density. However, this only yields an
improvement to a certain degree. This is because the most common solvent used in
functionalization protocols is water, where the polymer coil is present in an expanded
state (Figure 11I-3a). The amount of grafted polymer coils onto a particle is therefore
limited by its size. This method is already in use in the state-of-the-art functionalization
protocol.

An alternative method for improving the density and thickness is the grafting in the
presence of a f-solvent’’P*
suggests the use of either sodium or potassium salts.”” This method works by reducing

(refer also to the previous chapter). For this, literature often

the initial free polymer coil size by making solvent conditions less favorable.” As a result,
more polymer chains can be packed onto the same area (Figure III-3b), resulting in a
higher density. When solvent conditions improve, the polymer can further extend and
form a layer that is both thicker and denser.

* Presence of salt is expected to modify the hydrogen bonding and rearrangement of water molecules, which
disfavors the expanded polymer coil. At sufficiently high concentrations, the effect may become so strong that polymer
“salts out”. A keyword associated with this is the so-called “cloud point” of PEG.?7.%8
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Figure III-3. Functionalization with PEG under different solvent conditions. (a) Sketch shows a gold particle
and polymer coils in water. In a good solvent, the free polymer coil is well expanded, and the resulting
packing on the particle is relatively low. (b) Sketch of a gold particle and polymer coils in a bad solvent.
Compared to case shown in (a), the polymer can be packed tighter onto the particle when it is present as
a smaller coil. After this initial packing step, the polymer can expand again, e.g. when the solvent
conditions improve (sketch on the right).

In principle, this effect is expected similarly with both for sodium and potassium salts.
However, since potassium ions are known to form crown ethers with PEG,"" they may
possibly favor a tighter polymer structuring and therefore a higher grafting density. Its
effect on an already grafted polymer on a particle has also been previously shown in this
group.”'

Because of its simplicity and tunability, I chose this strategy for the functionalization.

3.2.2. The new vs old functionalization strategy

To find whether the state-of-the-art protocol can be improved by a modification with
0-solvent conditions, I conducted a study by performing the ligand exchange step with a
growing fraction of salt and observing the trend. The method I chose for observation is
the gel electrophoresis, because it can show trends such as a relative change of
hydrodynamic radius. This is the case when a grafted polymer switches from a mushroom
to a brush conformation and vice versa, and is seen in a change in mobility.*

For the particle polymer composition, I used the polymer mixture with 10% amino-
PEG (3000 g/mol) and 90% methoxy-PEG (2000 g/mol), respectively.™ Additionally,
to ensure that the observed mobility change is attributed to the hydrodynamic radius and
not a charge effect, I repeated the experiment with particles functionalized with the
neutral methoxy-PEG polymer only.

Figure III-4a shows one example of a salt titration to graft 10% amino-PEG
functionalized particles, with the experiment being repeated at least three times for
reproduction. Additional gel data is documented in the Appendix B. The figure shows a
representative titration with Na,SOs, with a trend for slower mobility with higher salt
concentrations. This suggests an increase in size and/or increase in positive charge

1 The Appendix B documents how changes in particle size and charge affect particle mobility in a gel

electrophoresis experiment.

M The state-of-the-art protocol uses between 3-15% amino-PEG. 10% were chosen as a reasonable reference point.
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coming from extra added, protonated amino groups. Both indicate that more polymer is
packed onto the particle.

The control experiment with the neutral methoxy-PEG polymer shows that the
increase of the particle size is a real contributing factor (Figure III-4b): Particles
functionalized in the presence of higher salt content show a slower mobility, suggesting
a bigger size. This means that salt promotes a change in polymer conformation.

Notably, a plateau in mobility change is reached at a salt concentration starting from
5-7 mM. This suggests that at this concentration, the polymer is maximally packed onto
the particle.

q  amino-PEG b
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0.1 0.1
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Figure ITI-4. The effect of salt on PEGylation. (a) Example of the effect of Na;SO4 on the gel mobilities of amino-
particles, ranging from a concentration of salt from 0-10 mM in the resulting PEG solution. The
PEGylation protocol is listed in the Appendix B. The reference, vitamin B12, is marked with a black line.
It is used as a control and correction for the electroosmotic flow. Its mobility is used to cotrect the
mobility data displayed in c). Scalebar: 1 ecm. (b) Control experiment using uncharged methoxy-PEG. The
sample mobility is reduced with increasing salt content, meaning that the increase in size is a real
contributing factor.

The study shows that the salt functionalization successfully tunes the polymer
conformation and thickness. This means that it can be used in the future to further
improve the particle.

3.2.3. The cation type makes no difference in functionalization result

To find the optimal salt type and probe for the aforementioned sodium vs potassium
effect, I conducted additional studies by switching NaxSOy for K,SO,. Interestingly, the
exchange of the cation for potassium does not appear to have an addional effect: Particle
samples PEGylated with sodium or potassium show a similar trend in reduced mobility
that stays within the margin of error (Figure III-5). This means that the effect of crown
ether formation is either small or not meaningful enough to make a difference.
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Figure III-5. Comparison of the effect of cation type on the mobilities of particles. Figure shows mobilities for
amino-particles with increasing salt content during the PEGylation step, corrected for the electroosmotic
flow. Data points with error bars are derived from three independently repeated experiments. Red dots
represent KoSOy, blue dots NaySOy.

I performed additional studies with chloride and phosphate salts, and saw a similar
trend between potassium and sodium: The only difference is that a higher concentration
is needed to reach the mobility plateau, which is natural because the sulfate salts have
double the number of cations compared to the chlorides. Phosphate salts follow this
trend, as is exemplarily shown in the Appendix B.

In conclusion, the observed lowered gel mobilities of particle samples suggest an
increase in polymer density and thickness. This is a positive outcome, because a thicker
density means better colloidal stability and less unspecific interactions. For the final
functionalization protocol, I continued to work with K,SO, salts at a final concentration
10x higher than the observed onset of a mobility plateau in the experiment illustrated in
Figure I11-4. The Appendix B documents the improved functionalization procedure.

In the next step, I moved on to further characterization of the polymer shell quality,
and how it behaves under the experimental conditions of the plasmon ruler experiment.

3.3. Protein buffer affects low grafting densities, but not high grafting
densities

One important aspect of the polymer shell is its behavior under experimental buffer
conditions, as compared to the solution where the functionalization and characterization
process takes place. This gives hints of the stability of the polymer shell thickness, and
indirectly of the grafting density.

Because the gel electrophoresis method has limits in terms of ionic strength of the
running buffer, I used dynamic scattering experiment (DLS) on selected samples to
understand how differences in the functionalization affects the polymer shell stability
under different ionic strength conditions.

As representative samples, I chose the amino-PEG functionalized particles introduced
in the previous section. The first particle sample is made following the original protocol,
I call it the “low grafted” sample. The second sample is made with the new protocol
involving addition of salt and showing a slower mobility in the gel experiment, I call it the
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“high grafted” sample. To test the polymer shell, I observe the value of their
hydrodynamic radius under different ionic conditions: (1) water represents the state where
the polymer is expected to be well solved and the polymer shell to be the thickest. (2)
PBS represents the high ionic strength conditions where the assembly takes place. ™ A
low grafted sample may show a collapse of the shell thickness due to the worse solvent
conditions for the polymer. The last test is in (3) TBE 0.5x buffer, ™ which is the agarose
running gel buffer. The latter serves as a reference to make sure that conclusions drawn
from the gel electrophoresis can be safely transferred to experimental conditions during
assembly.

Figure III-6 summarizes the obtained data. Firstly, the DLS measurement confirms the
trend seen in the gel electrophoresis: The particles size trend is bigger for the high grafted
sample compared to the low grafted one across all solvents (a-b). Between the solvents,
the low grafted sample shows a more dramatic trend. The particle size drops when the
solvent is exchanged from water to either PBS or TBE, to a comparable extent. On the
other hand, the high grafted sample shows no such behavior. This implies that the high
grafted sample shell is more robust, presumably because the polymer is packed more
densely and—for steric reasons—is more resistant to collapse (c).

a b
“high grafting density” “low grafting density”
Z-average (nm) Z-average (nm) i
Water PBS TBE Water PBS TBE : high grafting
69.740.2 69.810.1 70.1+0.1 | 68.0+0.5 66.510.4 66.710.2 i ”
low grafting
c .
L - N » - a, vB12
= pat
water ionic buffer water ionic buffer

Figure III-6. Hydrodynamic diameter trend for low and high density grafted PEG particles in different
solvents. (a) Z-average values from the DLS experiment in different solvents. The solvents have less
effect on the hydrodynamic diameter when the grafting density is high. (b) Gel electrophoresis of the
samples in (a). The “high grafted” sample shows a smaller mobility as compared to the “low grafted one”.
Scalebar: 1 cm. (c) Sketch suggesting an explanation for the effect of the solvent on the measured particle
size.

To conclude, the study shows that the new protocol indeed leads to a thicker polymer
shell. This polymer shell is also more resistant to collapse under experimental buffer
conditions, presumably due to a switch to the favorable brush conformation. As shown
in the previous chapter, this is expected to lead to better particle stability and less

unwanted, nonspecific interactions. However, for a full understanding and certainty about

Y 40 mM HEPES buffer: pH 6.7-7.4, 50-150 mM KCI, 10 mM Mg,Cl, and 10 mM PBS buffer: pH 6.7-7.4, 137 mM
NaCl, 2.7 mM KCI.

*Y'TBE 0.5x buffer, with a final concentration of of 0.05 M tris-borate and 1 mM EDTA.
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the polymer conformation, a more thorough quantification of the shell thickness is
necessary.

3.4. Polymer thickness is bigger than previously assumed, and
depends on specific end groups

The theory chapter has provided a measure of minimal polymer layer thickness to
ensure colloidal stability and a force-free state. Quantification of the polymer thickness
ensures that this condition is fulfilled. At the same time, the knowledge about the
thickness is necessary to gauge the final interparticle distance, which is critical for
prediction of the plasmonic coupling strength. The polymer must not be too thin to
prevent aggregation, and not too thick to avoid losing signal strength. Therefore, it is
critical to quantify the polymer shell thickness under the final experimental conditions.

An additional complication arises when the polymer layer is made of a mixture of PEGs
with different weights, such as shown in the previous section. Ideally, it is necessary to
understand the contribution of each weight type, since the shorter PEG (2000 g/mol) is
the main component responsible for particle stabilization, and the longer PEG
(3000 g/mol) catties the linker groups for protein attachment. The longer polymer is
therefore relevant for the interparticle distance.

To find out the connection between the specific polymer weight and the resulting
expected polymer thickness, I conducted a DLS study with particles grafted with only
one type of polymer. The polymers I tested were the two types used in the state-of-the-
at dimer assembly (2000 g/mol methoxy-PEG and 3000 g/mol amino-PEG), as well as
one longer methoxy-PEG (5000 g/mol) to have one more point of reference. 40 nm sized
particles were used, with grafting details provided in the Appendix B.

Figure III-7 summarizes the results collected from three independently prepared
particle samples. For reference and to gauge the polymer conformation, the theoretical
estimations (for a mushroom vs brush conformation) are shown. Additionally, reference
lines show the desired minimal polymer length to stabilize commonly used 40-60 nm
sized particles. This allows comparison of the measured size with the desired values for
optimal stability introduced in the theory.

The results show that the smaller 2000 g/mol methoxy-PEG is present in a mushroom
conformation rather than brush, while the longer 5000 g/mol PEG is somewhere in
between (Figure I1I-7a). Most importantly, the shorter PEG used in the state-of-the-art
protocol falls below the desirable polymer thickness for sufficient colloidal stability, even
for the smaller 40 nm particle size.
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Figure III-7. DLS measurement results of different polymer grafted particles. (a) Measured brush length as
compared to the theoretical expectation. Black points indicate 2000/5000 g/mol methoxy-PEG, blue dot
is 3000 g/mol amino-PEG. The results are a mean of three repeatedly prepared samples. Red lines
represent the minimal polymer layer thickness for 40-60 nm sized particles to ensure colloidal stability
(see Theory 2.1.3.). (b) Data from (a), including the TEM (transmission electron microscopy) diameter
of the particles, as well as the polymer thickness calculated from the Z-average values. The measurements
were performed in the buffer used for Hsp90 measurements (HEPES 7.4, 50 mM KCI).

Another curious finding is that the 3000 g/mol amino-PEG sample (thickness:
15.3 nm) is bigger than the heavier 5000 g/mol methoxy-PEG (thickness: 14.3 nm). This
may be due to charge repulsion of its NH;" groups forcing a stretch.™

This small study has several important outcomes: Firstly, the polymer thickness is
bigger than assumed when only using the Flory-radius for estimation. This is important,
because this increases the average expected interparticle distance of the dimer, and
weakens the measured intensity change between the “closed” and “open” state. Assuming
the 15 nm polymer layer thickness for the amino-PEG, this would mean a dramatic
increase of the interparticle distance by 20 nm (accounting for the difference to the
previously assumed 5 nm)’""% If that is true, then even in the case of a successfully
assembled dimer, the dimerization would not be discernible by eye and the signal strength
weak, depending on particle size.

This finding however must be treated with caution, because the polymer may shrink
after further chemical modification. However, even if the 3000 g/mol PEG follows the
trend of the uncharged methoxy-PEG, it would still be a few nanometers above the
assumed 5 nm length.

xi Considering the ionic strength of the buffer, the resulting Debye length is in the range of 1 nm. Therefore, there

should be considerable charge shiclding. Assuming an average grafting density of 0.5 chains/nm? and taking the
measured polymer thickness of 15 nm into consideration, this means that 1 NH3* group is present per roughly 6 nm?.
This is the case if all charged groups are present in the outer polymer shell, at a distance of 15 nm from the particle.
The resulting average charged group distance would then be in the range of roughly 2.5 nm. Considering this, the
resulting longer polymer length may be the result of charged end groups.
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The second finding is that the main polymer component, the 2000 g/mol methoxy-
PEG (making up 85-90% of the polymer shell in the state-of-the-art protocol), is present
in a mushroom configuration. This implies less stabilization. And in fact, the guide in
Figure III-7a shows that this length falls below the stability criterium, even for the smaller
40 nm particle. This implies that, even if the assembly succeeds, such particles could
eventually stick together, if they happen to meet through random motion (e.g. Figure
III-8). This would be a problematic outcome, since it would interrupt protein motion, as
shown in the sketch by the two particles sticking.

N~%

Figure III-8. Sketch of a fluctuating Hsp90 dimer. The dimer fluctuates until it may get stuck and, depending on
the strength of the attraction, remain this way or unstick with thermal fluctuation.

In conclusion, this little study has revealed a discrepancy between the previous,
theoretically expected polymer thicknesses and the actual measured values. With the
current knowledge, the state-of-the-art assembly has a larger interparticle distance than
anticipated. At the same time, the neutral and shorter methoxy-PEG polymer is not
sufficiently thick for optimal stabilization. These two factors show that PEG brings
insecurity into the assembly and measurement process due to the variety in conformation.
Because both the colloidal stability and the interparticle distances are critical for the dimer

measurement, it is not sufficient to work with theoretical estimations only when using
PEG.

However, the role of the polymer is yet more complex, as the second part of this
chapter will show.

4. Particle reactivity and the critical role of the second end group

As discussed in the theory, the reactivity of a particle is another critical factor for
successful assembly. This is controlled by the number of available reactive sites in the
polymer layer on the particle. To understand the role of the second end group
modification in the assembly process, I studied literature and used my previous master
thesis results as a basis for a deeper study, which I present here.

4.1. The role of the polymer’s second end group

As stated previously, the polymer presents a complication. In the context of the reactive
second end group, the issue lies in its random coil nature. This means that the end group

63



Chapter 111: Particle Functionalization

is not necessarily present in the outer shell where the assembly reaction can take place.
Rather, literature shows that the distribution peak of the end group is located inside the

polymer layer, in the example of a linear polystyrene.""

This is further supported by
experimental findings for PEG functionalized particles, e.g. Xia et al.'” reporting that
only 50% of amino polymer end groups were available for reaction in a given particle
batch. Therefore, given the polymer’s nature, it will be less reactive than theoretically

possible, if only accounting for the total number of reactive end groups.

4.2. The state of the dimer assembly protocol

The state-of-the-art dimer assembly protocol works with a linear PEG polymer that is
functionalized with a thiol to react with the gold and an amino group for assembly. It
employs 3-15% amino-PEG, filling the rest with the neutral methoxy-PEG, as
schematically represented in Figure I1I-9a. The original reason for this approach was to
avoid a case where too many proteins attach to the first particle, because only one protein
is wanted in between.” However, the reported low yields suggest that this approach is
too extreme, and lowers the assembly efficiency. This is of no surprise, given the
implications Xia et al.’s work."”

Taking into account the hints from the work of Xia et al., it is natural to assume that
the assembly yield would instantly improve if the amino-functionalization of the second
particle is maximized to 100%, as illustrated by comparison of the two cases in Figure
III-9. However, as I show below, this leads to complications.
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Figure III-9. Sketch of two viable assembly strategies. (a) Sketch represents the state-of-the-art assembly, with up
to 15% amino groups present for the reaction. (b) Sketch showing one possible way to increase the
assembly efficiency: The content of the amino groups on the second particle is increased to 100%, while
the first particle is kept at a low amino-content fraction to avoid linking the two particles via multiple
sites.

4.3. Tuning the reactivity of a particle reveals previously unaccounted
for challenges

In my master thesis'” I had attempted the strategy presented in Figure I11-9, receiving
unexpected results which are shown in Figure II1-10. Part (a) and (b) show the state-of-

the-art dimer assembly in the flow chamber: The assembly begins with deposition of the
first particle (a), followed by the addition of the second (b). At first glance, even the naked
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eye can see that the deposited first particles have changed color from green to orange,
suggesting plasmon coupling between the particles. This effect happens almost
instantaneously upon flushing in the second particle, which at first suggests good
reactivity and assembly success.

a
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Figure III-10. Hsp90 dimer state-of-the-art assembly with 100% amino-PEG particles. (a) Real-color
photograph of the first particle deposited in the flow chamber. (b) The second particle is added. Assembly
happens in places where previously green particles appear orange. The inset shows a zoom in, with four
previously green dots turning bright orange. (c) An example of a single-particle spectrum (blue), and the
resulting spectrum after addition of the second particle (red). The unexpected, double peak may be a hint
of two very closely stuck particles, as suggested by the sketch. From this result alone, it is not possible to
tell whether the protein catries any role in this process, and whether the linking happened with and
without the protein (see sketch). Data obtained during the time of the master thesis.103

However, the evaluation of dimer spectra shows unexpected double peaks instead of
the simple red-shift and increase in scattering intensity (c). The observed color change is
stronger and the assembly spectrum different from what is expected for the Hsp90
assembled dimer (see previous chapter). The double peak spectrum is also more indicative
of an assembly with an interparticle gap close to the sub-nanometer range.™" Although
particle aggregates could also explain an unexpectedly strong scattering signal, this
possibility is excluded. This is because of the color change occurring upon addition of a
single particle, when observed by eye.

The master thesis ended with this observation, producing questions about the
unexpected result. Theoretically, the sub-nanometer touching of the particles should have
been prevented by the polymer layer and the protein in between. But this is not the case,
as observed in the experiment. Oddly, this observation also does not fit with the DLS
data on polymer thickness of an amino-PEG patrticle (see theory, part 1.3), which should
have been big enough to prevent “touching” between the particles.

This discrepancy served as motivation for a deeper investigation of the connection
between particle stability and specific reactive end groups. This serves for better
understanding of the functionalization issues and helps to strategically improve the
assembly protocol.

' "The sub-nanometer range interparticle distance leads to additional effects aside from the plasmon coupling,

where the plasmon can no longer be described with the model of classical electromagnetic theory.!% The second,
strongly red-shifted plasmon resonance of the formed construct belongs to the plasmon coupling peak. The peak in
the monomer range could be attributed to the charge transfer plasmon mode.104-106
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4.4. Amino-functionalized PEG particles—a record of issues

Observations show that amino-PEG functionalized particles show instability during
characterization and handling in experimental buffers, which all appear to correlate with
the amino group content. Here I list the total sum of observed issues, which I discuss and
address in detail in the following section.

First of all, amino-PEG particles show aggregation when characterized by the means
of gel electrophoresis. This instability increases with the growing amino-PEG fraction, as
seen in the gradual broadening of the bands and eventual aggregation (Figure 111-11a).
This effect is also stronger when the grafting takes place in a solution containing salt,
showing a total aggregation with as low as 20% of amino groups on the particles, as
compared to the onset at 50% without the salt (Figure III-11b). Incidentally, 10% appears
to be the turning point where the particles still show a clear band and therefore good
stability. This corresponds with the previously used particles for the assembly.

Further, Figure I1I-11b shows a similar, time-dependent aggregation behavior with
growing amino group content in the HEPES buffer. In part, this issue was also observed
in the master thesis, where the 100% amino-PEG particles showed only short-term
colloidal stability.

Lastly, particles containing amino-PEG are seen to stick to plastic walls during the
cleaning process by means of centrifugation. This is noticeable as a colored film that sticks
to the walls (Figure I1I-11c), as compared to a pellet forming at the bottom of the vessel.

At first glance, the sum of these findings does not appear logical. This is because amino
groups are expected to add to stabilization through charge repulsion, and not the other
way around.
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Figure III-11. Signs of issues with colloidal stability. (a) Gel clectrophoresis image of particles with increasing
amino-PEG content. The onset of total aggregation is marked with red squares. This effect is observed
sooner in particle batches PEGylated with higher grafting density (i) (PEGylated with salt), compared to
low grafted particle batches (i). Scalebar: 1 ecm. (b) Photographs of particles with different amino-PEG
content after incubation in the buffer for 1 h, with noticeable discoloration starting after 10% amino-
PEG. (10 mM HEPES buffer: pH 7.4, 150 mM KCI, 10 mM MgCl). (c) Photograph of amino-PEG
functionalized particles forming “films” on walls of plastic tubes during centrifugation. On the right: A
compatison of a methoxy-PEG particle batch forming a defined pellet.
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As an additional point of observation, amino-PEG particles appear to show unspecific
binding to the Hsp90 protein. This is seen by the difference in gel mobilities between
amino-PEG particles and the same batch pre-incubated with the protein (Figure 111-12).
Interestingly, this does not occur with other two proteins chosen for control and
comparison, bovine serum albumin (BSA) and streptavidin (SA). BSA and SA are both
proteins involved in the assembly of the dimer. BSA can be used for better passivation
of the flow cell, and SA is used to fix the first particle to a pre-passivated glass. Therefore,
they too must not stick nonspecifically to particles.
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Figure III-12. Protein stickiness study. (a) Crystal structures of Hsp90 (PDB: 2CG9)%2, Streptavidin (PDB: 1MK5)107
and BSA (PDB: 4F58)108. Hsp90 is made up of two identical monomers, colored in red and violet, with
the modified T285C cysteins marked with exaggerated, yellow spheres. Streptavidin is depicted with two
biotins (green), marking the binding pockets. BSA is shown with the free cystein marked by an
exaggerated, yellow sphere. (b) Of the three proteins, only Hsp90 shows nonspecific attachment to the
particle sample. This sample wanders towards the anode (+). This is because Hsp90 carries a net negative
charge in the TBE buffer (pH=8.5), given its isoclectric point of 4.9. The same effect would occur if the
other proteins showed nonspecific attachment.

This finding is curious due to a relatively similar isoelectric point of Hsp90 (pI=4.9)'"

and BSA (pI=4.7-5)'"
interactions. Generally speaking, protein stickiness is a complex matter, where

, suggesting the issue may not lie in attractive electrostatic
thermodynamics and the arrangement of water play an important role.""" In this context,
polymers such as PEG are usually applied to prevent non-specific attachment, with higher
protein uptake hinting at issues with the polymer shell.” In this case, the observed
interaction suggests that the PEG does not fulfill its intended passivating role in the case
of the Hps90 protein. This is problematic, because a wrongly attached protein cannot
form a proper construct.

The combined issues illustrate a deeper need for understanding the problem to ensure
better control over the particle functionalization, which I address in the following
sections.
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4.5. Addressing the effect of amino-PEG functionalization on particle
stability

In this section, I address the observed issues one by one, splitting them into results
caused by artifacts of the measurement method, and real causes arising from interparticle
interactions.

4.5.1. Aggregation in gel electrophoresis: An artifact of the measurement method

As previously shown, amino-PEG functionalized particles show band smearing and
aggregation in gel pockets with growing amino group content. To understand if this
problem arises from the sample or the method itself, a closer look at the agarose gel
composition is necessary.

Commercial agatose contains impurities, one of which is agaropectin.'>'"” This
impurity come with negatively charged sulfate groups, and freely movable counter ions.™"
This means that the agarose gel backbone has a negative charge, as sketched in Figure

111-13a.
On the other hand, amino-PEG particles carry a pH-dependant positive charge. With

an approximate pka of 9-11 for the amino-PEG,”*'"”?

the particle is expected to have still
almost 100% protonated amino-groups in the buffer typically used in an agarose gel
experiment (tris-borate-EDTA, TBE 0.5x, pH=8.3-8.5). It can therefore happen that an
attractive charge effect interferes with the particle movement. The more amino groups a
particle carries, the more positive charge it has, and the higher may be the interaction with

the gel matrix. This may cause band smearing and aggregation, as shown in the gel image
in (b).
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Figure ITI-13. Sketch of the possible origin of smearing in gel electrophoresis. (a) The sketch represents the gel
chamber, with a positive and negative electrode. The agarose backbone carries fixed, negative sulfate
ions. For better overview, positive counterions are omitted from this sketch. The positively charged
amino-PEG particle may interact with this backbone, thus causing retardation of the particles in the gel
matrix. (b). A gel image of amino-PEG particles with amino content between 0-30%. Particle bands show

increasing smearing, and the 30% sample aggregates entirely in the pocket. Scalebar: 1 cm.

Y Consequently, these counter ions are the origin of the observed electroosmotic flow, which is tracked by the

vitamin B12 reference.
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To test whether the protonation and positive charge truly causes an interference with
the negative gel matrix, I tuned the pH of the standard electrophoresis buffer (TBE, 0.5x,
pH=8.3-8.6). For the pka of amino-PEG, I used a literature value as a reference
(pka=9.6).” With this pka, the pH of the buffer needs to be at least around pH=11 to
ensure that most amino groups are not protonated and therefore uncharged, as shown in
the calculated protonation curve in Figure I1I-14a.

To account for the previously observed difference between functionalization strategies
(grafting in water or in the presence of salt), I prepared two samples, each grafted only
with amino-PEG. Both samples were then tested against the two running buffers, TBE
pH=8.6 and pH=11. The result is shown in Figure III-14b: As previously observed,
particles stop running in the TBE pH=8.6 buffer when reaching the gel pocket wall. On
the other hand, particle samples show mobility in the more basic buffer, and the mobility
slows in accordance with previously seen trend between the functionalization strategies
(water vs in the presence of salt).
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Figure III-14. Protonation of amino-PEG and its effect on gel mobility. (a) Protonation curve drawn for an
amino-PEG with an assumed pka of 9.6.9 Marked points show the protonation state at the given pH of
the experimental TBE running buffer. (b, 1) Particle samples PEGylated with and without salt
(corresponding each to a high and low grafting density), shown to aggregate in the TBE pH=8.6 running
buffer. (b, ii) The same particle samples run as thin, homogeneous bands in the higher pH buffer. The
bands show the same trend previously observed for high and low grafted particles: the high grafted
patticle (with salt) shows a slower mobility, and thetefore a bigger hydrodynamic size.

This simple test illustrates an easily underestimated problem of charge interactions that
cause a misinterpretation of results. However, despite the particle samples now showing
homogeneous and thin bands in the gel electrophoresis experiment, the aggregation
behavior over time outside the gel matrix cannot be explained with this effect alone.

4.5.2. Instability in water vs buffer is complex

Further inspection is necessary to explain aggregation behavior outside the gel matrix.
Previous experience with amino-PEG particles shows aggregation behavior in the
experimental buffer. Considering the measured polymer layer thickness (ca. 15 nm), as
well as the presence of charged amino groups, this finding is surprising. Even in a high
ionic buffer, a layer of 15 nm is expected to sterically stabilize the particles, as predicted
by theory.
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However, the results suggest that the samples do not behave as expected. To get a
better understanding and make conclusions where the real particle sample differs from
the theoretical prediction, I conducted a study by (1) theoretically considering the
expected particle behavior in a solution with a low and high ionic strength, and (2)
comparing it to the experiment by observing its aggregation behavior. For the low ionic
strength, I assumed ultrapure water. For the high ionic strength, I considered the PBS
buffer.

As shown in the theory section, the ionic strength tunes the significance of electrostatic
repulsion in colloidal stabilization. In theory, amino-PEG particles are expected to be well
stabilized by electrostatic repulsion in ultrapure water due a significantly high Debye
length of =1 um (Figure I1I-15a). On the other hand, a solvent with higher ionic strength
(e.g. PBS, with a Debye length of <1nm), is expected to shield the charges. As shown in
the theory, the electrostatic stabilization becomes insignificant in this case. This can mean
two things for a sample: first, if the polymer grafting density is high enough, then the
entropic stabilization is sufficient to counteract the vdW attraction (b, ). In the case of a
low grafting density, the polymer could collapse (as previously observed in the theory
chapter, 1.2), and the sample aggregates. With the improved PEGylation protocol, the
case (b, 1) is expected to happen. Such a sample therefore should not aggregate neither in
water nor in a buffer with high ionic strength.

b ‘ PBS, Debye length < 1 nm ‘

(i) High grafting: steric stabilization

NH; +
+NHs'NH NH; R+
a ‘ Ultrapure water, Debye length = 1 um ‘ NH, K AR N
. NH,* +
. SHN . HN NH,
+  NH; + NH; NH,;*
NH; NH;’ NH;* *;HN ﬁ “HN ~ 3
NH,*
3)) HN NHS NH,*
g NH,* NH,* 3 +
N AN +HN : *HN NH,
3 +NH,* i +
NH;*NH; NH,™NH;
NH;*
“HN (QiHN NH,*
NH;* (i) Low grafting: collapse

NH;*

NH;* *
5 'NHj NH;t NH*
NHE; NH,*
NH
Ny o NHS
NHH P NH;

NH;*®

Figure I1I-15. Expected behavior of amino-PEG particles under different solvent conditions. (a) In ultrapure
watet, the particles should be sufficiently stabilized with electrostatic repulsion, arising from charged
amino groups. (b) In the PBS buffer (pH=7.4), the Debye length shrinks to below 1 nm, and the charges
are screened. High grafted particles (i) with a sufficiently thick polymer layer would still experience
stabilization due to entropic repulsion of the polymer layer. Low grafted particles (ii) may collapse due to
insufficient entropic repulsion.

To test this hypothesis, I observed particle behavior in a “good” solvent, ultrapure
water, and a “worse” solvent, for which I chose PBS. Neutral methoxy-PEG particles
were chosen as control and compared to two amino-PEG particle batches with different
polymer lengths (2000 g/mol and 3000 g/mol, 45 and 68 repeating monomer units,
respectively).

Curiously, the observed stability trend was opposite to prediction. While the neutral
control particles containing only methoxy-PEG remained visibly stable (Figure I1I-16¢),
the amino-PEG particles instead show a broadening of their spectrum in water (a+b),
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hinting at aggregation. On the other hand, no change occurs in the PBS buffer, which is
the worse solvent for PEG.
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Figure III-16. Aggregation behavior as observed for differently PEGylated particle samples. (a) Particles
functionalized with 2000 g/mol amino-PEG show aggtegation in ultrapure water (also noted as milli-Q
water=MQ), and stable behavior in PBS. (b) Particles functionalized with longer 3000 g/mol amino-PEG
show less strong aggregation in ultrapure water. (c) A control sample of neutral methoxy-PEG (2000
g/mol) patticles shows no aggregation in either solvent, suggesting the amino group plays a role in the
aggregation process.

This behavior is unexpected, considering all factors speaking for better particle
stabilization in low ionic strength environment. What is more curious is also the fact that
longer amino-PEG is seemingly better at preventing aggregation than the shorter one.

A possible explanation for this behavior is sketched in Figure I11-17. In a good solvent,
the polymer is expected to be more stretched. Due to this stretching, there could be larger
gaps in the layer, which would promote interaction of the amino-group with the more
exposed gold surface. In a worse solvent such as PBS, the polymer would be more
contracted, and the interaction thereby hindered. Possibly, depending on whether or not
the ionic strength is enough to reduce interaction, this may explain why particles show
better stability in PBS, but not so in the HEPES buffer with slightly lower salt content.™
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Figure III-17. Possible explanation for aggregation behavior in ultrapure water. (a) Sketch of interparticle
interaction, wherein the positive amino group of one particle interacts with the gold surface of another.
(b) This interaction may possibly be caused by adsorbed negative ions, e.g. chlorides left over from the
previous stabilization with CTAC.

xix Refer to the Appendix B for buffer composition.
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This explanation, however, raises the question: Why can the end groups reach the gold
surface, when steric repulsion should stop their approach? However, even if the
interaction is happening with other polymer chains and not specifically with the gold, this
leads to the conclusion that the polymer layer retains significant gaps.

The logical next question is: Which physical or chemical effect causes these gaps in the
first place, and is there a solution to this problem?

4.5.3. A summary of consequences

To summarize, amino-PEG functionalized particles show poor colloidal stability, and
all experiments point to the fact that the amino group specifically causes the problem.
The observed aggregation behavior suggests an interaction of the amino group from one
particle with another particle. This interaction happens because of unexpectedly low
polymer density. In Figure 11I-18, I summarize all logical consequences arising from the
assumption that amino groups interact nonspecifically with other particles. For simplicity,
the interaction is drawn to imply a connection to the gold surface, although it is also
possible for the interaction to happen with another PEG instead.
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Figure III-18. Possible origin of observed problems with amino-PEG particles. (a) Charge repulsion: DLS
measurements suggest that PEG chains may lay in a more stretched state (I), which may lower the
polymer density and cause aggregation, e.g. under applied force, as is the case for particle cleaning via
centrifugation (II). (b) If amino groups interact with the gold sutface, they can also do this during the
PEGylation step, bridging two or more patticles (b-1). Similarly, the polymer could attach with the wrong
end (b-2) or even attach with both ends to the same particle (b-3). The consequence of all three cases is
that after depletion of excess polymer by cleaning, the particles are left with gaps in the polymer layer
(II). (c) Gaps in the polymer layer may explain why in the previous experiments, unexpectedly strong
plasmon coupling was observed after forming the dimer, as well as a lack of fluctuation expected of the
Hsp90 protein.

As observed before, one of the cases leading to a lower polymer density may be charge
repulsion (a). This is supported indirectly by the unexpectedly long polymer length
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derived from the DLS measurement, as compared to the trend of the noncharged
methoxy-PEGs.

However, this might not be the only cause for a lower polymer grafting density.
Another possibility may be connected with the fact that amino groups also have a certain,
non neglectable affinity to the gold surface that may cause interference in the
functionalization process."”” Following this logic, possible scenarios can happen during
the functionalization step, leading to polymer adsorption with the “wrong” end during
the PEGylation step (b1-3).

In summary, the insufficient grafting density—independent of its origin—appears a
reasonable explanation for why after assembly, the particle dimers showed stronger than
expected plasmon coupling (Figure I11-18c¢). If there was any protein at all, then it is either
stuck or not present to begin with. This also explains why the particles show formation
of polymer films during centrifugation steps shown earlier.

This raises the question whether anything can be done to prevent the cases shown in
Figure I11-18a-b, such as possibly tuning the charged state of the end group, at least during
the grafting step. However, as mentioned in theory, adsorption of species onto gold is a
complicated process. Theoretically, gold is attractive to nucleophiles. This is how thiols
react with the gold, forming a near covalent bond. Subsequently, a non-charged amino-
PEG should still retain attraction on the basis of its nucleophilic state, leading again to
cases in (b1-3).

All'in all, amino groups appear to add complexity to the functionalization process and
lower the quality of final grafted particle. This particle, as shown by assembly attempts
leading to touching, small-gap dimers, is not sufficiently well stabilized by the polymer to
reliably form protein dimers.

A logical question therefore is whether a change of end group could lead to better
results, or if the PEG polymer as a whole is not a suitable strategy for assembly.

In the following section, I show that unwanted byproducts occur also with the
negatively charged carboxy-PEG functionalized particle samples. This shows that a
simple reaction with a bi-functional, linear PEG molecule may not be the best solution
to receive a sufficiently thick and stable polymer layer.

5. Negatively charged carboxy-PEG shows additional complexity

Carboxy groups on PEG are one of many other alternative anchor points for
subsequent, covalent attachment of particles to one another. A comparison of both can
help determine if carboxy-PEG is a suitable alternative, and if similar problems arise in
this case.

The difference between an amino and a carboxy functionalization is primarily the
charge. In the range of physiological and neutral pH, both carboxy- and amino-PEG
functionalized particles are be expected to be fully charged, with the particle being either
positive or negative, respectively, as shown in Figure III-19a. This is because their
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respective pka are pka(carboxy)=4.8,"* pka(amino)= 9.6, resulting in a charged state
above 99% for each at pH=7.4, in accordance with the Henderson-Hasselbalch law.

Regardless of the charge type, this means that approximately similar charge repulsion
is present in both cases as compared to the neutral example of methoxy-PEG, as sketched
in (b). Therefore, if charge repulsion alone is the main responsible factor for particle
instability in dispersion, it should also be seen with carboxy-PEG. If other factors also
play a role (e.g. interaction with the gold surface as sketched in the previous section), then
a behavior different from the amino-PEG is expected.
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Figure III-19. The charged state of amino- and carboxy-PEG functionalized particles. (a) Protonation curves
for amino- and carboxy-PEG respectively, with the physiological pH (where the assembly with the
protein is done) matrked with a gray arrow at pH=7.4. The approximate pkas of the amino and carboxy
group on PEG are as reported in literature, e.g. pka(carboxy)=4.8,% pka(amino)= 9.6.94) At pH 7.4, the
amino group with the respective pka of 9.6 is 99.4% protonated, meaning the particle is fully charged.
Likewise, at pH 7.4, the carboxy group (pka=4.8)%* is 99.7% deprotonated. (b) Sketches of methoxy-,
amino- and carboxy-PEG functionalized particles. Methoxy-PEG particles are neutral, while amino- and
carboxy-PEG functionalized particles carry a pH-dependent charge.

A repeat of the aggregation study in a low and high ionic strength environment show
a difference in behavior. As seen in Figure III-20, amino-PEG particles display a
broadening of the spectrum (indicating aggregation) in ultrapure water, but carboxy-PEG
particles do not. Their spectrum remains the same also in the higher ionic strength
medium (PBS). Therefore, if charge repulsion is causing the PEG layer to be less dense,
then this effect does not affect the carboxy group to the extent that can be seen in an

ensemble spectrum.
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Figure III-20. Ionic-strength dependent colloidal behavior of amino/carboxy-PEG functionalized particles.
(a) UV-Vis ensemble spectra of amino-PEG particles in ultrapure water (milliQ/MQ) and PBS 7.4. (b)
Ensemble spectra of carboxy-PEG patticles under the same conditions.
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However, something different is seen when characterizing a carboxy-PEG particle
batch in a gel electrophoresis. As shown in Figure III-21a (inset), additional bands appear
to the left of the main band. Two extra bands can be seen, each with a slower mobility
than the main band and fainter in colot.™ When collected and characterized in TEM, the
second band shows discrete dimer constructs. Following this trend, the third band
belongs to trimers, although it was not specifically characterized due to a significantly
lower yield.™

To understand their nature, the dimer constructs were further collected and imaged in
the dark-field microscope as separate constructs. An example of this is shown in Figure
III-21b, with a field of view displaying the constructs with visibly stronger intensity as
compared to the control monomers (marked with arrows).

a _ v b

Figure III-21. “Carboxy-PEG” dimers and multimers. (a) TEM image of the isolated dimer band shown in inset.
Most constructs seen are dimers, with some discrete single particles also appearing. Scalebar: 400 nm.
Inset: Carboxy-PEG functionalized sample, separated in a gel electrophoresis experiment, with a visible
multiband-structure hinting at discrete multimer constructs. Scalebar: 0.5 cm. (b) A dark-field, real-color
photograph of the isolated dimer band. Blue arrows show a control group of single particles for reference.
Scalebar: 50 uM.

Interestingly, the identified dimer constructs showed a time-dependent behavior.
Figure III-22a shows the progressive images of a field of view, whereby constructs are
observed over a period of 23 h. During this time, constructs change their color from
yellow to orange, and this happens randomly to any given construct over a period of

hours. This behavior was seen in all expetiments™ where the carboxy-PEG dimers were
isolated and deposited in the flow chamber. The color change is indicative of the

interparticle distance dropping, producing stronger plasmonic coupling. The color change

**To observe the additional bands in the gel electrophoresis, a sufficiently high starting concentration is better. For
a 20 uL gel pocket volume, I worked with a particle concentration in the range of 0.7-1 nM for visible results.

! In the next chapter related to the topic of assembly, T document the statistics and specifics of the dimer “yield”
in the carboxy-PEG particle samples. Here I omit this information to focus on their nature instead.
! The experiment of carboxy-PEG dimers in the dark field was repeated more than three times, with equal
behavior observed in all experiments.
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is irreversible, suggesting that two such particles experience strong vdW attraction, as
theoretically explained in the previous chapter.

Several possibilities could explain this behavior, as sketched in (b) and (c). In the first
example, the dimer formation may be mediated by the carboxy group that connects two
particles. In the second example, the interaction is based on some form of polymer
entanglement. Both cases would mean that the starting distance between the particles is
shorter, and the vdW attraction between the particles stronger. As such, this attraction
may be the reason behind the eventual dimer collapse. At the same time, this collapse is
not instantaneous, because there is still polymer present between the particles, albeit in a
lesser amount than necessary for long-term stability.

a Time after deposition: 0 h

Figure III-22. Color change in isolated carboxy-PEG dimers. (a) Dark-field images of a field of view showing
marked dimer constructs (white arrows). Images over time (right at the start of deposition=0 h, 5 h and
then 23 h+) show a color change of the three marked constructs. (b) Sketch showing one particle
connected to another through the carboxy group, and time-dependent dimer collapse due to an
insufficient interparticle distance. (c) Sketch showing a polymer entangled dimer. The same logic applies
asin (b).

Interestingly, this color change repeats the behavior seen during the amino-PEG
mediated assembly, as described and shown in Figure III-10 and Figure III-18. This bears
the question whether amino-PEG particles could also contain such nonspecific
constructs. Unfortunately, the separation of the bands is favored in particle samples with
high mobility. The amino-PEG particles used in this work have slower mobilities
compared to carboxy-PEG ones. Due to this constraint, I could not determine the
presence or absence of additional bands in these particle batches.

In summary, it appears that particles functionalized with PEG and certain end groups
are prone to nonspecific interaction. This interaction is exemplarily shown as unexpected
aggregation in a low ionic strength medium for amino-PEG particles, and the occurrence
of nonspecifically formed multimer constructs for carboxy-PEG. The nature of this
interaction may be complex, with possible causes being PEG-PEG entanglement, or an
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effect of the specific end groups. This interaction makes the particle batches less stable
and behave in unpredictable ways. This effect is unwanted for the protein dimer assembly,
because it brings uncertainty into the assembly process and the subsequent measurement.

With this in mind, it is reasonable to consider alternatives to PEG.

6. A look beyond PEG modifications: Bad grafting density is also an
issue for other functionalizations like DNA

Particle modifications based on the PEG polymer are not the only option for the
plasmon ruler assembly. My predecessors had briefly used a particle modification based
on single-stranded deoxyribonucleic acid (DNA). DNA-DNA hybridization is a common
assembly strategy, and has been shown in the literature to successfully form different
types of constructs.”'"* However, the first tests in relation to the Hsp90 dimer assembly
had reported a seemingly unspecific binding of the Hsp90 protein to the DNA-modified
particles, leading my predecessors to discard this option.™

As I will show in the next chapter, the DNA modification strategy is superior in terms
of reactivity compared to the state-of-the-art PEG. For this reason, I decided to re-
investigate the reported nonspecific binding and its cause. On deeper insight, the reported
interaction with negatively charged DNA is counter-intuitive, because the protein is also
expected to carry a net-negative charge (see section 2.1). In addition, our collaborators
from the group of Thorsten Hugel of the University Freiburg have anecdotally reported
seeing no interference of DNA in their Hsp90 related FRET experiments.

As a first step, I reproduced the results of my predecessors’ using the same DNA
strands (see Appendix B-C for details). For this, I observed what happens when DNA
particles are incubated with Hsp90 for a period of 30 min.™"

As seen in Figure I11-23a, particles modified with single-stranded, thiol-capped DNA
produce a shift in the gel electrophoresis band when incubated with the Hsp90 protein.
This reduction of mobility is due to a larger size resulting from attached Hsp90. The
protein itself carries no additional DNA modification, suggesting that the attachment is
indeed nonspecific.

To have an additional reference point, I repeated this experiment by replacing the
Hsp90 protein with BSA. Interestingly, a change of mobility is also seen with this sample
(b), but it is reversed compared to the Hsp90. This may be because BSA is smaller, so the
size effect is less dominant compared to the charge effect. Additionally, multiple bands

M As shown in the theory chapter, 30 min is a reasonable time for assembly between particles. Therefore, if any
interaction if to happen with the protein, it is certain to also happen on this time scale or faster. For better efficiency,

the protein concentration is in the order of 100 pM, as compared to the nanomolar particle concentration.
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are discernible after the monomer band, and the first band becomes sharper with the
addition of the protein. The sharpness of the band suggests that the protein corona
reduces the heterogeneity in the mobility behavior. This must be because the particles
become more uniform in shape once the protein corona is added.

The multiple bands are an additional curious finding. However, the broadness (and
therefore heterogeneity) of the original DNA particle band makes it impossible to judge
whether they are present in the original sample, or added through the addition of the
protein. In theory however, there should be no reason why BSA should bridge two or
more particles. Therefore, it may be that the DNA particles have a low DNA coverage,
similar to the carboxy-PEG case.

a b

NP@DNA

NP@DNA

+ BSA-SH

+ HSP-(SH), =2k
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Figure II1-23. Hsp90 and BSA attaching nonspecifically to DNA particles. (a) Gel electrophoresis image of a
particle batch functionalized with thiol-capped DNA, and comparison with the same particle batch pre-
incubated with Hsp90. Scalebar: 1 cm. (b) Incubation of DNA particles with BSA also shows a change
in mobility. The band also appears sharper, and multiple bands are seen. Scalebar: 1 cm.

This gives a hint about the nature of the nonspecific interaction with the proteins. One
crucial similarity between the two proteins is the presence of either one or two free
cysteins (compare also Figure III-12a, protein structures).

To test if the cystein plays a key role in the observed protein corona formation, I
repeated the experiment with a Hsp90 protein with blocked cysteins. For this, I pre-
incubated the protein with the maleimide-based linker SMCC (reaction with thiols shown
in Figure 111-24a).

As shown in the gel image (b), the DNA particle sample with Hsp90 shows the
previously seen, narrower band and additional bands. On the contrary, the sample with
maleimide-blocked Hsp90 shows no such behavior. The band is broader, and no multiple
bands are seen. This difference suggests that the protein corona formation is significantly
mediated by the cystein, as sketched in (b, right).
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Figure III-24. Cystein-specific interaction with DNA-functionalized particles. (a) Reaction of succinimidyl 4-
(N-maleimidomethyl)cyclohexane-1-carboxylate) (SMCC) with thiol (HS-R), and the resulting product.
(b) Left: Image of a gel electrophoresis experiment, comparing DNA-functionalized particles pre-
incubated with Hsp90 with two free cysteins and Hsp90 with maleimide-modified cysteins. Scalebar: 1
cm. Right: Sketch illustrates the difference observed in the gel experiment.

The findings point to the role of the cystein in the previously observed and unwanted
protein corona formation. This means that the source of the interaction is not the DNA
but rather the insufficiently covered particle surface. This is because the cystein has a thiol
that attaches to the gold, similar to the principle of the thiol-PEG functionalization.

This means that the DNA strategy as an assembly principle is suitable for the assembly.
However, it needs improvement to prevent unwanted attachment to the gold surface.

6.1.1. How to solve the insufficient grafting density problem?

An insufficient grafting density is a factor that must be addressed to ensure a repeatable
and reliable assembly. The cause of low grafting can vary depending on chosen
functionalization type. In the case polymers such as PEG, the issues may arise from the
PEG itself, and/or from unintended competition of the functional groups for the gold
surface. For DNA modifications, the problem may lie in charge repulsion between the

XXiV

negative DNA strands, as well as a possible competition for the gold surface.

Unwanted interactions appear complicated to suppress in straight-forward ways. In the
case of amino-PEG, I had tried several strategies. In one attempt, I varied the pH during
the modification from acidic to basic (pH=4-11). This tuned the overall particle charge,
with an increasing fraction of the amino groups becoming deprotonated, and therefore
uncharged. However, I noticed no improvement in particle stability. This may be because
the deprotonated amino group also has a certain affinity for the gold surface.

¥ 1n our protocols, the charge repulsion is gradually reduced by addition of NaCl to the functionalization mixture

(see protocol for DNA functionalization in the Appendix B). However, this does not appear to deliver sufficient
grafting density, as shown in the previous section.
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I'also made an attempt to work with sodium citrate stabilized particles instead of CTAC
stabilized ones, in hopes that the adsorbed surfactant and salts may influence the
undesired affinity of the amino group. This attempt also did not yield improvement.

It seems therefore that a straight-forward modification with a simple linear polymer
strand is too unreliable to consider further. Coincidentally, the DNA modification
strategy suffers from a similar issue: Despite the employed salt-aging process, it is not
sufficiently densely packed to avoid nonspecific attachment.

Several strategies can be used to circumvent this issue: Either attempting to fill the gaps
with additional neutral and small molecules after the first modification step (Figure
III-25a), or “prime” the particle with a thin and dense base layer, before adding a second
layer for the actual assembly (b). Like this, the particle surface is no longer available for
unwanted attachment, even if the second layer, e.g. DNA, is not perfectly dense.
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Figure ITI-25. Passivation strategies. (a) Sketch shows the functionalization steps. In a first step, a CTAC particle is
modified with thiol-capped single-stranded DNA. In a second step, a small, thiol-capped molecule such
as e.g. a short PEG is introduced to fill the gaps. (b) In the second strategy, the particle is passivated with
a first, dense layer of small molecules. These molecules will serve as anchors for further modification, e.g.
with DNA sketched in the second step.

To test which strategy is more promising for future investment, I have tested both with
proof-of-concept experiments.

In a first test for strategy (a), I selected two small neutral PEG molecules, PEG; and
PEGs, modified with a thiol on one end and a methoxy group on the other (Figure
III-26a). These PEGs are significantly smaller compared to the PEGs used in the PEG
functionalization protocol (3-6 monomer units vs 45 units for the 2000 g/mol methoxy-
PEG). As such, they could potentially fill gaps. However, a comparison of gel mobilities
between control DNA particles and those additionally passivated with the small PEGs
shows no significant difference. As seen in Figure I1I-26b, all samples still show a change
of particle band mobility when the protein is added, signifying a formation of a protein
corona.

Therefore, a small PEG is not suitable to fill the gaps with this strategy. The reason for
this may be complex, such as the PEG not forming a sufficiently thick layer.
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Figure III-26. Passivation by packing. (a) Structures of PEG; and PEGg used in the passivation protocol. (b) Gel
clectrophoresis of particle samples modified in a first step with DNA and in a second step with small
PEGs. All samples show a change in mobility when incubated with the protein.

Therefore, I proceeded with the second strategy. For this, I covered the particles with
a PEG polymer first and then added DNA on top. As a proof-of-concept, I used the
2000 and 3000 g/mol PEG. The resulting particles showed better dispersity, stability
against aggregation in the assembly buffers (PBS, HEPES) and less sticking during
centrifugation. This strategy is more efficient, which is due to a combination of gold
surface coverage and the addition of extra space by the longer PEG.

For the assembly studies following in the next chapter, I continued using DNA
particles with a layer of PEG below. This strategy is sufficient to improve particle stability.
However, at the moment the interparticle distance is needlessly long due to the extra PEG
layer, adding up to 12-30 extra nanometers. Considering a similar distance already added
by the DNA itself, this makes for a non detectable plasmon coupling signal.

My proposal for the future is to reduce the distance by pre-passivating the gold with a
shorter and more rigid molecule (e.g. short alkane chain). This type of functionalization
has been shown to bring benefits of better passivation compared to PEG, as reported in
literature, e.g. by Larson et al.'"” The DNA strand can then be covalently attached to this
layer. This structure would ensure sufficient passivation of the gold surface against
unwanted interactions.

7. Conclusion: Theory vs reality, and next steps

The insights gained in this chapter show that the particle functionalization is not as
simple as previously theoretically assumed. In the case of the plasmon ruler assembly, the
real polymer thickness is larger than expected, leading to a longer interparticle distance
and a loss of signal. However, this is not the only complication. I observed lowered
grafting densities of the polymer layer that lead to unwanted nonspecific interaction both
between particles and a particle and the protein. These interactions occur when polymers
with reactive end groups such as amino or carboxy are used. A similar effect is seen with
DNA functionalization. To counteract this, I propose to passivate the particles in an
additional step and present a suitable strategy.

In total, I show that characterization and quantification of particle functionalization is
an indispensable step for controlled dimer assembly. However, it is not the only factor
limiting assembly success, as I will demonstrate in the following chapter.
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IV. ROAD TOWARDS A MORE
EFFECTIVE AND RELIABLE ASSEMBLY

A reliable assembly guarantees that dimer constructs form in a well-defined manner,
which is crucial for data interpretation of protein motion.

Previous findings have shown some deficiencies, such as a too large interparticle
distance and suspected lowered grafting density when particles are functionalized with a
high fraction of amino-PEG (chapter 3). Coupled with knowledge gained from the theory
chapter, this may explain why I and my predecessors could not measure a fluctuating
plasmon coupling signal in single-particle dark-field experiments. However, even if the
plasmon coupling is weak due to a large interparticle distance, the assembly itself should
be seen: At the minimum, a construct of two particles in a diffraction limited spot
produces double the measured scattering intensity. Nonetheless, my joint work with

' showed no such results. Despite theoretically

Bastian Flietel during my master thesis
predicted reaction success (chapter 2), the assembly failed. This means that reality has

additional factors that are not accounted for in the theory.

To find a smart strategy for future assembly optimization, I listed the remaining
“unknowns” of the dimer assembly and addressed them experimentally. This allowed me
to give each factor a weight and single out the highest contributing factor to assembly
failure. The result of this work is a recommendation for a most optimal assembly strategy.

1. The “unknowns” of the dimer assembly

To find an optimal way to address the failing assembly, I structured the remaining
unknowns. They fall into two types: (1) those that make assembly impossible for chemical
reasons and (2) those that slow down the assembly, so that the realistic reaction time is
longer than the theoretically assumed one (chapter 2, 30 min).

Figure IV-1a shows a sketch for the type (1). In this example, the protein loses its
structure upon connection to the first particle. This scenario is known in literature in the
context of protein interaction with a bare gold particle."® In theory, our patticles should
be sufficiently covered with the polymer to prevent this case, but the gaps highlighted in
the previous chapter may reopen this possibility.

Figure IV-1b illustrates another case, where the protein attaches with both ends to the
same particle. This is a real possibility due to the protein carrying the same
functionalization on both ends. Upon reaction to the same particle, further reaction is
excluded.

The remaining unknown of the second (2) type is more complex. Here, the assembly
is perceived as unsuccessful because it is not given enough time to react. This happens
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because the reaction does not happen upon the first hit, as assumed theoretically in
chapter 2 (c). This can be for a number of reasons, such as the chosen linking groups
possessing insufficient intrinsic chemical reactivity, or the groups themselves being
additionally aligned in an unfavorable way in the polymer layer.

Assembly impossible Assembly too slow

a b c
¢ e
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Figure IV-1. Questions that remain unanswered. (a) Possible protein denaturation may be in part responsible for
the unreasonably low yield. (b) The same protein could attach with both linking sites to the same particle,
becoming unavailable for the second particle attachment. (c) The reactive end groups on a particle don’t
cover the entire surface. Therefore, there may not be enough attachment points available to ensure
reaction upon first hit. The more hits are necessary for success, the longer is the reaction time necessary
to form the construct.

Realistically, all “unknowns” can be present at the same time, which complicates the
matter. To address this problem, I designed a screening that considers the challenges
presented in (a)-(c). The screening solves the presented problems for each case as follows:

(a) The protein is replaced by a more stable “dummy” molecule that cannot
denature.

(b) An alternative assembly concept (as introduced in the following section)
excludes the possibility of a both-sided reaction to the same particle.

(c) Reactivity is compared across a number of selected chemistries, revealing
realistic reaction time trends and the best chemistry for future assembly.

Below, I introduce the screening concept in more detail and present the results. I then
comment on what the results mean in regard to the questions (a)-(c). Experimental details
follow in the section thereafter.

2. The screening concept

In this section I summarize the key ideas that went into the screening, addressing the
complications presented in the section before.

Problem simplification. As previously stated, the protein and its state on the particle
is a source of complexity. To remove this complication, I replaced the protein with bi-
functional PEG polymer molecules that cannot denature upon contact with a particle.

Choosing an assembly experiment that favors efficiency. Optimizing an assembly
concept requires screening across several variables. This leads to many experiments and
repeats for reproduction purposes. Time and efficiency are therefore of critical essence:
The assembly experiment must have an optimal tradeoff between information gained and
time spent.
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As introduced in the beginning of this work, there are numerous ways to perform an
assembly experiment, each with its own strengths and drawbacks. Two ways previously
used in this group are illustrated in Figure IV-2. The first illustration shows the sequential
assembly on a surface, based on deposition of each assembly element one after another
on a pre-passivated substrate (a). The second shows the concept of the batch synthesis
1.52

(b), as mainly used in the work of Bastian Flietel.”” Here, the assembly reaction happens

in solution, with all reaction components present at the same time.

Sequential assembly offers better understanding through characterization of each single
step during the assembly, however it may take several hours to receive results.™ It also
requires additional effort in terms of pre-passivation of the glass slide. Batch synthesis on
the other hand is quick, and allows to test many iterations of the same experiment at the
same time. Due to its high throughput, I chose the batch synthesis for the basis of my
screening,

Sequential; ,flow-cell“ Batch
- slow - high throughput

Figure IV-2. Sketch of two assembly concepts. (a) Sequential dimer assembly works by attaching every component
in a separated step on a substrate. (b) In the batch dimer assembly, all components are mixed in a single
step, resulting in a statistical distribution of products.

Excluding a both-side reaction to the same particle with a different assembly
concept. The state-of-the-art assembly employs the simplest concept by connecting two
same-type-particles (in terms of chemical groups), as illustrated in Figure IV-3a. I call it a
“homo” assembly concept, referring to both particles having the same chemistry. This
simplifies the synthesis and particle optimization. Additionally, a homo-dimer assembly
is easier to characterize in a gel electrophoresis.™" However, the drawback of this method
is the possibility of the protein (or dummy) reacting on both ends with the same particle,
as previously introduced.

To test the significance of this problem, I use a different assembly concept that I call
“hetero”. As Figure IV-3b shows, the dimer construct is now made of two different-type
particles. This complicates the protocol, requiring an optimization of two particle types
instead of one. Additionally, the protein (or dummy) now requires additional modification

XXV

As stated in the thesis of Bastian Flietel, the sequential assembly can take up to five hours.52

! For details on charactetization differences, refer to the Appendix B-C.
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on the second site. In the case of the protein, the extra modification step also introduces

xxvii

statistical side products that complicate the reaction.

This constraint highlights why it is critical to understand the contribution of a possible
two-side reaction to the same particle: While a hetero-type assembly may solve one
complication, it introduces others. Therefore, my work tests both to answer the
aforementioned questions and determine the simplest assembly strategy.

a b
»Homo" (state-of-the-art) ~Hetero®
+ simplicity + no bridging
+ easiercharacterization - statistical side products

- bridging: - more complex
o

Figure IV-3. Homo and hetero assembly methods. (a) Homo assembly method uses two particles with the same
type of chemistry. (b) Hetero assembly method features a different chemistry for each particle, preventing
unwanted bridging of the protein over the same particle.

The optimal chemistry. The reactivity of a chemical linker is critical for a reaction
that is already disfavored, e.g. by factors such as a slow diffusion coefficient of the 40-
60 nm sized particles (compare chapter 2) and the availability and location of the
functional groups in the polymer layer (see discussion chapter 3). The last point is further
complicated by thermodynamic considerations: As Martinez-Veracoechea and
Leunissen'” highlight in their article on the topic of reaction between tethered systems,
the entropic cost of a reaction between two tethered groups makes the reaction less
favored as compared to the non-tethered one. For our assembly, this means that a small
amine will react more readily with a maleimide as compared to a case when the same
amine and maleimide are tethered to a PEG. To counteract these constraints, a highly
reactive option for assembly is of essence.

The state-of-the-art chemistry in our group so far uses the free thiols on the protein
and combines them with amino-PEG on the particles using maleimide chemistry.”* This
reaction is considered a “click-chemistry”, which among other things suggests an efficient
reaction.'”® To ensure that the screened for chemistries have potential for improving the
protocol, I selected other common chemistries on the basis of them being (1) commonly
used in the field of the biochemistry and (2) known for efficiency, with the maleimide
“click-chemistry” as the benchmark. Among these chemistries are: the EDC/NHS™™"

Y For further modification, one batch of the protein dimer is reacted with group A and another batch with group

B. Both are combined and re-mixed by applying temperature. This step cleaves the dimer and allows statistical
recombination. The result is a statistical mix of dimers possessing the unwanted AA and BB modifications, together
with the required AB for the hetero assembly.

xxviii

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-hydroxysuccinimide
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coupling, the biotin-streptavidin association and DNA-DNA hybridization. Further
details on each are provided in the respective experimental section.

The screening principle. To receive a maximum on information, I combined all of
the above factors into a screening procedure, as sketched in Figure IV-4. As shown, I
excluded the protein from the screening, and tested two different assembly concepts
(“homo” and “hetero”) to address the option of an undesired, two-sided reaction. At the
same time, I combined the concepts with the above listed chemistries (i-iv). This allowed
me to address the assembly unknowns and find the best, simplest and most reactive
assembly concept for the dimer assembly.

Assembly method Chemistry

i) -NH,+SH- : Maleimide chemistry

&L N (

,Homo* (state-of-the-art) (i) -COOH +NH,- : EDC/NHS chemistry

(iii) -Biotin + (Mono-) Streptavidin
&L 'W‘Q (iv) -DNA + DNA-

»Hetero®

Figure I'V-4. Principle of screening for the best assembly strategy.

In the following section, I present the key findings and highlight what they mean for
the future of the assembly.

2.1. Screening reveals best assembly strategy and answers previous
questions.

This section presents an overview over the screening results. After the summary, 1
show the most promising chemistry, the best assembly concept, and give answers to the
assembly’s unknows. To improve future decision making for assembly design, I also
comment on why certain assembly strategies fail. Detailed experimental results are
documented in the section thereafter.

Figure IV-5 summarizes the screening results. Using criteria listed in the experimental
section (2.2), I separate the results into three categories of (1) assembly successful (green),
(2) assembly successful but with complications (yellow) and (3) assembly failure (red).
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Figure IV-5. Overview assembly screening results. Red colors mark failed assembly, yellow stands for assembly
that worked, but features complications, and green color shows reproducibly reliable assembly. Each
chemistry contains comments highlighting key observations.

The picture shows heterogeneous results. On the topic of chemistry, the maleimide
reaction used in the state-of-the-art protocol exhibits poor performance across both
assembly strategies. This outcome further proves that the maleimide chemistry is not a
suitable option for assembly. The EDC/NHS chemistry follows this trend. This is not
surprising, considering that both reactions have a similar “click-chemistry” principle and
reactivity (see experimental section 2.2 for details). On the other hand, both the biotin-
streptavidin and DNA-DNA hybridization give reproducible results, proving the
importance of a smart chemistry choice for particle assembly. Between these two choices,
I see the advantage in the DNA-DNA for its flexibility in tuning the tether length, which
is important for adjusting for the best interparticle distance.

In terms of assembly concept, the results prove the aforementioned complication of
additional second particle optimization: For two of the chemistries (maleimide and biotin-
streptavidin), the functionalization of the second particle could not be sufficiently
improved for reliable test results. Additionally, the EDC/NHS variant showed assembly
under conditions that introduced doubts to its chemical specificity (further details in 3.3).
DNA-DNA alone delivered reproducible results, showing that it is the most robust
option for future assembly.

Below I comment in greater detail on the key findings, including...

(1) the best chemistry for assembly,

(2) the resolution to the question of the two-sided attachment to the same particle,
(3) the best assembly concept,

(4) and the reasons why certain assembly strategies fail.
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2.1.1. DNA-DNA hybridization is the best assembly option.

As highlighted, DNA-DNA hybridization shows the biggest promise for the future
assembly strategy. It delivers reproducible results across both the homo- and hetero-type
assembly, proving its versatility. In this section I list and summarize the important
findings relevant for assembly, show where the DNA has its strong points compared to
other chemistries, and comment on necessary optimization steps to ensure a reliable
future assembly.

The first and most important pre-requisite for any strategy for dimer assembly is its
compatibility with the protein buffers. My results show that DNA based assembly
happens readily in the aforementioned buffers (PBS and HEPES), ensuring that this is a
viable option for the protein dimer assembly. This is a positive insight, because DNA-
DNA hybridization is sensitive to salts."” Among other factors, DNA requires some
charge shielding to overcome its own charge repulsion. I show this importance in 3.5,
where DNA functionalized particles do not assemble in a low ionic strength buffer, but
do so in the PBS and HEPES buffers. With this, the most basic pre-requisite is met.

In terms of reactivity, the DNA-DNA hybridization shows the best effectivity across
all tested systems, with the maximal effectivity achieved already at 10% reactive DNA
fraction on a particle, for a reaction time of 30 min. Other systems either did not yet show
signs of assembly or showed signs of unfinished assembly at this percentage of anchors
and reaction time. This is beneficial for keeping the time between unfreezing of the
protein and the measurement short.

An additional strong point is that DNA-based assembly is well suitable for both the
batch and the sequential assembly. As mentioned previously, both assemblies have their
strengths and drawbacks. In this context, the batch assembly is fast but contains a
statistical mixture of constructs. This mixture benefits from further separation. One such
method is the gel electrophoresis introduced in chapter 3. As I show in the experimental
section (2.2) and in the Appendix C, the separation of constructs using gel electrophoresis
is straight-forward when both particles have the same mobility. This is the case for DNA-
based assemblies, with both particles carrying a similar negative charge. The situation is
different other assemblies, such as the combination of the positive amino-PEG particles
with negative carboxy-PEG ones (refer to 3.3 for examples). DNA-functionalization is
superior in that regard.

In terms of particle design, I noticed that assembly happens more reliably with DNA
particles that are additionally passivated with a PEG polymer layer under the DNA. This
corresponds with my findings from chapter 3. The additional passivation improves
stability in the experimental buffers and prevents nonspecific aggregation. At the
moment, the passivating underlayer is not yet optimized for an interparticle distance
suitable for a strong plasmon coupling signal. This should be addressed in future protocol
modifications.

Finally, the biggest positive result to take away is assembly success with a DNA-
modified Hsp90. This reaction formed successfully in the simple, homo-type assembly.
This suggests that the protein is stiff enough not to attach with both ends onto the same
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particle in a significant amount. This finding simplifies future particle improvement
efforts, because only one particle type needs to me optimized for assembly.

For future improved protocols, this is the most promising starting point.

2.1.2. Attachment of a ligand with both sides to the same particle is not significant
for proteins, e.g. streptavidin, Hsp90

An important question is whether the attachment of the protein with both sides to
same particle may in part be the reason for failed or less effective assemblies. While this
case cannot be entirely excluded, the results show that assembly happens in the cases
where streptavidin and DNA-modified Hsp90 are the ligands connecting the particles.
On the other hand, assembly does not happen with ligands such as bi-modified PEGs.
Taking the reactivity trends into account, the assembly with bi-modified PEGs could have
failed due to insufficient reactivity, rather than possible attachment of both ends to the
same particle. Additionally, the random coil nature of a PEG may also lessen the
availability of the second end group. Thus, it is not the best option for a dummy.

In total, possible non-availability of the second binding site is not the main factor in
the assembly. This is the case for ligands such as Hsp90 and streptavidin. Their size and
stiffness as compared to a polymer random coil must be the responsible factors.

2.1.3. Homo assembly strategy remains the best option.

When comparing the homo- and hetero-type assembly strategies, the screening results
show that both strategies work. Between the two, the homo-type assembly is the easier
option to realize. This is because this assembly type requires the optimization of one
particle type only.

Additionally, its main strength is easier characterization in gel electrophoresis. This is
because homo and hetero-type constructs behave differently in the gel electrophoresis.
Due to both particles being identical, homo-type constructs can easily be identified and
recovered from the gel, as shown later in the introduction to the methods in 2.2.2. This
is not always as easy for hetero-type assembly, where the location of the dimer band is
hard to predict. Therefore, homo assemblies offer the option of easier purification, which
increases the dimer constructs available for measurement.

Another point is the protein modification. For the homo-type assembly, both reactive
sites on the protein carry the same modification. For the hetero-type assembly, two
different modifications are needed. As previously mentioned, such modification is
typically done in a batch. This results in a statistical mixture of products and by-products.
Due to statistics, some proteins will carry the wrong modification on one site. This lowers
the assembly yield, due to 50% of constructs statistically carrying the wrong second
modification site. This problem can be avoided by additional purification steps. However,
they further complicate the procedure.
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Thus far, the only drawback of the homo-type assembly is the danger of the protein
attaching with both sides to the same particle. However, as said in section 2.1.2, this is
not an issue.

For these reasons, I recommend homo-type assembly for future use.

2.1.4. A summary of reasons why certain assemblies fail

Lastly it is important to summarize reasons for assembly failures. The screening shows
that the most critical factor is the particle reactivity.

To sum up the trends, the two tested “click-chemistry” type reactions, maleimide and
EDC/NHS, showed no assembly. Biotin-streptavidin and DNA-DNA hybridization on
the other hand delivered reproducible assembly.

One reason for this is because the biotin-streptavidin and DNA-based particles have a
higher probability of reaction. For the first, this is because tetrameric streptavidin carries
four reactive sites per one single protein. I show further proof of this in section 3.4, where
monomeric streptavidin with one binding site does not promote assembly as compared
to the tetramer. For DNA, I explain the higher reactivity because it is a strand that
possesses a non-zero affinity along the entire length.

The second factor for assembly failure is an insufficient particle quality. This is an
aspect that has been discussed in chapter 3. Low grafting density of the functionalization
leads to less attachment points and more options for nonspecific interactions.

Furthermore, the screening shows that reaction time must not be underestimated when
particle reactivity is low. While theory suggests that the assembly reaction—under given
experimental conditions in the plasmon ruler experiment—is expected to be finished in
under 30 min, this is not enough for maleimide and EDC/NHS mediated assemblies
(compare experimental section in 3.3), and also not for biotin-streptavidin (3.4). Only the
DNA-DNA hybridization assemblies have reached maximum assembly within the
expected theoretical reaction time (3.5).

In total, all results point to the need for stable and well-defined particles, with a highly
reactive functionalization. This is especially critical for assemblies where diffusion times
and potential hits between the reactive partners are lower, e.g. for our 40-60 nm particles
(see chapter 2), and where only one protein—and therefore only one reactive site—is
available for reaction with a second particle to form a dimer.

2.2. Experimental Section

In this section I present a chronological documentation of results summarized in 2.1,
Figure IV-5. Here I motivate the parameters used in the screening, and explain the criteria
chosen to determine whether an assembly experiment is a success or failure. After that, I
give a brief overview of the characterization methods used in this section. The
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chronological documentation of the screening follows thereafter, with results sorted by
chemistry and split by assembly type.

2.2.1. Screening parameters and criteria for success

As shown in the theoretical essentials (chapter 2) assembly success depends on factors
such as interparticle forces and reaction kinetics. These conditions are experimentally
represented by the ionic strength of the solvent, the particle and protein concentrations,
as well as the reactivity of the chemistry used for the attachment. In addition, reactant
ratio and assembly time are also variables that influence the results. Below, I summarize
the key experimental constraints.

The ionic strength is fixed by the conditions imposed by the protein: A specific
buffered medium is necessary to retain the protein in its natural state. In my work, I use
the buffers HEPES and PBS, with the salt concentrations stated below:

HEPES buffer: 40 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yljethane-1-
sulfonic acid), containing 10 mM MgCl, and either 50 mM or 150 mM KCI, at pH 7.4 or
6.7

PBS buffer: 10 mM PBS (phosphate buffered saline), 137 mM NaCl, 2.7 mM KCI, at
pH 7.4 or 6.7.

The reactant concentrations are limited by the particles. Due to their considerable
volume (65500 nm’ for a 50 nm spherical particle, as compared to a small molecule such
as a typical fluorescent dye, with a volume <1 nm’ ")) the particles can only be
concentrated up to a certain degree. The working particle concentration for particles
between sizes 40-60 nm is typically in the range of 1 nM. The protein stock is diluted
accordingly.

The reactivity of a tested system is represented by the number of reactive and the
chemistry type. For the purpose of better comparison, the percentage of reactive end
groups on the default particle type is fixed at 10% as compared to nonreactive groups.
This value stands representatively for the state-of-the-art particle. The fixed percentage
allows a fair comparison of different chemistries in terms of their reactivity.

The reaction time is fixed to 30 min. The point of reference for this choice is the
assembly protocol with the protein. This ensures that the time between protein
defrosting, the subsequent assembly and the measurement is reasonably short,
minimizing potential loss due to possible denaturation.

The remaining variable is the ratio of particles to the protein or ligand. Literature and

2121 show that a batch synthesis gives the maximum dimer

previous work in this group
yield at a particle-to-ligand/protein ratio of 2:1. This is the theoretical ideal under petfect
conditions. Therefore, to account for uncertainties, in the screening the ligand of choice
is titrated around this ratio. As a side-effect, this also presents an additional qualitative
reaction control: The titration of a ligand should lead to a saturation of the particle,
following an increasing ligand concentration. If this trend is seen, the reaction of the

ligand to the particle can be said to be well controlled.
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In summary, any assembly reaction detected under the above specified conditions is
considered successful.

2.2.2. A brief introduction to the methods

In the experimental section, I show assembly results in form of UV-Vis spectra and gel
electrophoresis experiments. On the basis of this data, I decide whether the assembly is
successful. To ensure that the reader can follow the results and reasoning, I use this
section to briefly explain what a successful reaction looks like in the ideal case.

UV-Vis ensemble spectra allow to gauge reaction success through relative change of
the spectrum. The change is caused by two factors, as shown in Figure IV-6a-b. Monomer
dimerization changes the spectrum according to the strength of plasmon coupling, as
previous described in the theory. The strength depends on the interparticle distance, and
the closer the particles, the stronger the coupling and the more red-shifted is the
resonance wavelength position. At a distance near 1 nm, the quantum tunneling effect
leads to the appearance of a second peak. Figure IV-6a illustrates how this would look
with an idealized sketch, where the entire sample is made of the dimers only. In reality,
the solution contains a statistical mixture of monomers and constructs. The presence of
dimers and higher constructs in this case can be seen as a shift of the resonance position
and the broadening of the spectrum (characterized by the broadness at the full width half
maximum, FWHM). Depending on the interparticle distance, a red-shifted shoulder can
also appear.

A high presence of dimer and multimer constructs can also be discerned by eye. As
shown in Figure IV-6b, a red solution containing monomers turns blue-violet upon
reaction to higher constructs. This is because the constructs cause additional absorption
and scattering in the red region, and the remaining transmitted color is perceived as blue-
violet. Full aggregation of a sample causes loss of color. Due to growing size, the
constructs no longer show plasmonic behavior, and settle down.

Thus, UV-Vis is a simple method to follow reaction time and presence of constructs.
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Figure IV-6. UV-Vis characterization method of successful assembly reaction. (a) Sketch of extinction spectra,
under the assumption of the ideal case where all particles in the ensemble are forming dimers. In a real
case, there would be a mix of products, and the formation of dimers seen as a growing shoulder of the
monomer spectrum (black). The appearance of this shoulder is dependent, among other things, on the
interparticle distance. (b) Formation of multimer constructs leads to a broadening of the FHWM (full
width half maximum) of the spectrum. The extreme case can also be seen by eye, visible as a color change
or complete loss of color at full a

ggregation.
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The second method I use is the gel electrophoresis. Its strength lies in its high
throughput, as well as specific identification of dimer constructs. Contrary to the UV-Vis,
gel electrophoresis is not sensitive to specific interparticle distance, and can thus show
presence of constructs even if their distance is too large for the plasmon coupling effect.
This makes dimer detection more robust, but only in cases where particle mobility is high
enough to separate the sample.

Figure IV-7 shows a sketch of the gel electrophoresis experiment. It displays what
happens when a ligand (such as the Hsp90 protein) is added to a solution of reactive
particles. In the simplest case of a homo-type assembly (a), the gel displays two effects:
First, the addition of ligand causes a change of mobility of the monomer band. This is
because the ligand leads to a change in size as well as charge. (a) shows how this would
look like for a Hsp90 protein. The growing protein corona adds to the particle negative
charge and moves the particle band to the anode.

Secondly, the formation of dimer and multimer constructs is seen as a “tail” behind
the monomer band. These constructs have a slower mobility due to retardation caused
by their size. This splits the constructs from the monomer band and makes them available
for extraction and further study. The more of such constructs form, the less colored is
the monomer band due to monomer particle loss.

Lastly, if higher order aggregates form, they remain in the pocket due to their size
exceeding that of the gel mesh. In the sketch, they are shown as a violet rim around the
pocket.

The gel image in Figure IV-7b illustrates how the sketched effects in (a) look in a real
gel. The example shows a control sample and one incubated with a ligand. The ligand
leads to a mobility change and formation of additional bands corresponding to the
formed constructs.
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Figure IV-7. Sketch and example of a gel electrophoresis experiment, with details relevant for interpretation.
(a) Sketch showcasing the combined effect of ligand saturation and construct formation. (b) Example of
a gel electrophoresis image, with the control monomer band and the sample with marked multimer bands.

The case of a homo-type assembly, where all particles carry the same charge, is the
simplest to characterize in the gel electrophoresis experiment. As shown later in the

experimental section, the interpretation of hetero-type mixtures, containing differently
charged particles, is more complex.
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For this reason, I use both UV-Vis and gel electrophoresis in combination for a more
complete picture of the assembly. In the Appendix C, I offer more insights and handling
tips related to these two characterization methods.

3. Screening results

This section presents the screening results. It is structured chronologically, and
documents the experimental findings by the chemistry type. Each section is further
divided into the homo and hetero assembly.

3.1. The state-of-the-art: Maleimide reaction between amines and
thiols

To serve as a reference point for the screening, the first step reproduces the state-of-
the-art assembly protocol with the Hsp90 protein.

The protocol is a homo-type assembly. The maleimide chemistry is a click-type
reaction, connecting amines with thiols. In a typical reaction protocol'”, the amine is first
activated  using the bifunctional crosslinker SMCC  (succinimidyl — 4-[N-
maleimidomethyl]cyclohexane-1- carboxylate). The NHS (N-hydroxysuccinimid) ester
side reacts selectively with primary amines at pH 7-9, and the maleimide side with thiols
at pH 6.5-7.5. For this reason, the buffers in the state-of-the-art protocol are adjusted to
6.7 and 7.4, and exchanged for the respective reaction step to exclude unwanted side
reactions. The crosslinker adds a total of 0.83 nm of extra length to the interparticle
distance.'” The thermofisher protocol states 30 min of reaction time at room temperature
for both linker sides. Further reaction details are provided in the Appendix C.

In Figure IV-8 I show one screening example, containing results of the gel
electrophoresis and the ensemble spectra. Here I incubated 10% amino-PEG particles
with different ratios of particle-to-Hsp90 for 30 min, as sketched in (a). The ratios are
between 1:0.5 and 1:5000. In accordance with previous results, the gel electrophoresis
shows merely an adsorption of the protein to the activated particles (b), resulting in a
mobility change. Compared to the control, there is no sign of further bands that could
hint at formation of higher order constructs. Similarly, UV-Vis ensemble spectra of the
samples show no difference between the reference particles and those incubated with the
protein (c). This is further seen in the pictures of the samples (c, ii and iii), whereby the
reference and the exemplarily picked sample with a ratio of 1:5000 show no difference in
color.
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Figure IV-8. State-of-the-art maleimide reaction assembly with Hsp90, homo-type. (a) Assembly sketch: the
Hsp90 protein is attached on two sides via maleimide chemistry to amino-PEG particles. (b) Agarose gel
of a control sample of activated amino-PEG particles and a titration of the Hsp90 protein. The titration
shows protein adsorption with higher protein ratio, but no signs of aggregation or multiple bands.
Scalebar: 1 em. (c) UV-Vis spectra show no signs of aggregation, suggesting no interparticle linking is
happening within the time frame of 30 min (i). Photos of the reference (ii) and sample 1 (iii) for
compatison, showing no aggregation or color change.

In total, the results reproduce and support previous assembly failures. The protein
attaches to the first particle as according to the mobility change, but no reaction with a
second particle is observed with the two characterization methods.

Such failures can arise from previously mentioned reasons such as unavailability of the
second binding site, protein denaturation or insufficient reactivity. Notably, the diffusion
coefficient of the free protein and a protein attached to a particle drops by roughly an
order of magnitude (see chapter 2). This may additionally lower the successful hit-rate.

The following screening addresses these questions, starting by a simplification of the
assembly by a replacement of Hsp90 with a robust non-protein dummy.

3.2. Maleimide reaction without the protein shows lack of assembly in
both homo and hetero-type assembly.

To test if the protein is responsible for assembly failure, I replaced it with a linear and
bi-functional PEG, as sketched in Figure IV-9a. For this I tested different sizes of PEGs
between 2000, 3000 and 6000 g/mol, with respective hydrodynamic diameters between
approximately 7-13 nm according to the Flory estimation.”"***1 This range is similar to
the Hsp90 protein in its closed and open state, which makes the PEG a suitably sized
substitute.

Here I present the results only for the shortest PEG (2000 g/mol). Across all tested
PEGs, I saw the same trend, so I refer to the Appendix C for the other PEG lengths.

Figure IV-9b-d summarizes the results. In the gel, the particles show very slow mobility
(b). This makes interpretation difficult. However, a similar trend to the previously
presented Hsp90 experiment is seen: The mobility changes with higher concentrations of
the dithiol-PEG linker, suggesting successful reaction with the first particle (b). The
change is small and pushes the band more towards the anode. This is because the thiol is
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present as a thiolate, adding a negative charge. However, no weakening of the band color
is seen, meaning a lack of assembly.

This is further supported with ensemble spectra, the results identical to the Hsp90
experiment (c). No color change is observed across the titration with the dithiol-PEG (d).
These results mean that the PEG attaches to the first particle, in agreement to the
electrophoresis results, but do not form constructs with other particles. Notably, I
observed no change in the UV-Vis spectra even on the following day after reaction start.
This does not align with the theoretical assumption that the reaction should be finished
after 30 min. The reactivity is therefore too low.
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Figure IV-9. State-of-the-art maleimide reaction assembly with dithiol-PEG dummy linker, homo-type. (a)
Assembly sketch: the dithiol-PEG is attached on two sides via maleimide chemistry to amino-PEG
particles. (b) Agarose gel of a control sample of activated amino-PEG particles and a titration of the
dithiol-PEG. The titration shows small migration change starting from 1:100 particle to ligand linker
ratios, but no signs of aggregation or multiple bands. Scalebar: 1 ¢cm. (c) UV-Vis ensemble spectra of
samples from b, showing no change between the control sample and those with ligand. (d) Photographs
of samples from b and ¢, showing no color change.

Overall, the experimental results show that even without the protein, the assembly fails.
A dithiol-PEG has the same number of reactive end groups as the Hsp90. The similar
trend of attachment to the first particle shows that the first attachment step happens
similarly. Only the reaction to another particle is the problem. With this knowledge, the
logical conclusion is that assembly fails because (1) the reaction chemistry is not efficient
enough for particles with slower diffusion or (2) the second binding site is unavailable
due to the ligand connecting to the first particle with both ends.

The first hypothesis is subject to test in the following sections. To test the remaining
hypothesis of the unavailable binding site, I changed the assembly type to hetero, as
previously introduced in 2. Figure IV-10a demonstrates the idea, where an animo-
terminated particle is assembled with a thiol-terminated one. In this assembly type, the
particles should react freely with each other, unless if point (1) plays a major role.

However, this test attempt did not succeed due to insufficient particle quality. In
particular, my dithiol-capped particles displayed a strong tendency for self-aggregation,
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even at high molar excess of the polymer during the PEGylation step.™™ I observed
aggregation after washing steps, as demonstrated in Figure IV-10b.

Between the two tested PEG lengths, 2000 and 3000 g/mol, the aggregation is
curiously stronger for the longer PEG. This may be due to differences in grafting density
and polymer conformation, leading to different steric stabilization. I further noticed that
this aggregation is reversible by sonication, but returns over time. This further supports
the theory that particles are insufficiently stabilized by the PEG.

{

Figure IV-10. Problems with dithiol-functionalized particles. (a) Sketch of the original aim for the assembly. (b)
Photogtraphs of dithiol-PEG capped patticle samples in PEG solution, for a 2000 and 3000 g/mol PEG,
as well as photographs after cleaning steps by centrifugation. The longer PEG shows stronger aggregation
by a depletion of color.

In PEG jon  After cleaning

On the whole, the results suggest that functionalization with dithiol-PEG is not robust.
In additional experiments, I attempted to circumvent this issue by starting with amino-
PEG particles and modifying them into thiols with Traut’s reagent™, but the quality of
these particles was also insufficient. The addition of the thiolation reagent led to
aggregation.

The unsuccessful hetero-type assembly gives hints that particle functionalization and
PEG end groups play a significant role, as already suggested in the previous chapter. In
total, the strategy of using amino- and thiol-terminated PEG and coupling them with the
maleimide chemistry is problematic and needs further optimization.

3.3. The EDC/NHS reaction: mixed results

The EDC/NHS coupling chemistry is used to couple proteins or other biomolecules.'”
In its principle, the EDC/NHS chemistry is similar to the previous reaction. A carboxy-
terminated PEG is activated by a carbodiimide compound such as e.g. EDC (1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide) and NHS (N-hydroxysuccinimide) reagents,
turning into an NHS ester. This ester can be coupled to amines. One specialty of this

X The highest polymer concentration in use in a standard protocol is 10 mM PEG, roughly amounting to a x107

excess to the particle concentration.

* Traut’s reagent: 2-iminothiolan, is used to modify primary amino-groups into thiols.!23
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reaction, compared to the maleimide one, is that it directly couples the carboxy and amino
compounds. It is therefore called a “zero-space” link.'” This makes it an attractive option

for our assembly, because it saves interparticle space, which is important for plasmon
coupling.

To test the performance of this chemistry, I functionalized particles with a carboxy-
PEG instead of the amino-PEG. As previously said in chapter 3, carboxy-PEG particles
have better stability, so I expected a more robust assembly. For the homo-type
assembly, I used a diamino-PEG ligand (2000 g/mol) to replace the protein, as done
similarly in 3.2. This is sketched in Figure IV-11a.

A first look at the titration of the linker to the activated carboxy particles shows a
general trend of low mobility (b). The most difference is at the highest particle-to-linker
ratio of 1:18.000, where the particle band is displaced towards the cathode (-). This is
because of the positive amino-PEG attachment. Similar to the maleimide case, there are
no signs of aggregation in the pockets and no additional bands.

At the same time, UV-Vis spectra show no difference between control and sample
ensemble spectra (c, 1). Additionally, there is no change even after overnight incubation:
Samples retain their color even after 24 h+, as seen in (c, ii+iii)
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Figure IV-11. EDC/NHS reaction assembly with diamino-PEG dummy linker, homo-type. (a) Assembly
sketch: the diamino-PEG is attached on two sides via NHS chemistry to activated carboxy-PEG particles.
(b) Agarose gel of a control sample of activated carboxy-PEG particles and a titration of the diamino-
PEG from a particle-to-ligand ratio of 1:01 to 1:18000. Scalebar: 1 cm. (c) UV-Vis ensemble spectra of
samples from b, showing no change between the control sample and those with ligand. (d) Photographs
of samples from b and ¢ (control in black and sample 6 in grey) showing no color change after overnight

incubation.
According to these observations, the maleimide and EDC/NHS chemistry ate both
equally ineffective in forming assemblies with the homo method. This is especially curious

because carboxy particles have shown better stability compared to amino particles. This
factor however does not appear to play a significant role in success.

To further test if this chemistry is viable when the particle is more reactive, I increased
the fraction of carboxy-PEG end groups and repeated the titration. I expected that the
increased reactive end groups would lead to assembly. However, I observed a
complication instead of assembly which I explain as follows.
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Figure IV-12a shows a gel image of a ligand titration to a sample of activated 75%
carboxy-PEG particles, as done previously for the 10% carboxy-PEG particles. The gel
shows an expected increase in particle band mobility to the anode in accordance with the
increased negative charge from the carboxy groups. The mobility is slightly decreased
when patticles are activated successfully with EDC/NHS. Despite successful activation
and a higher reactive end group fraction, the titration of the diamino ligand does not make
a change.

At the same time, additional weakly colored bands are seen in both the original stock
as well as in the activated particles. This observation is reproducible across several
repeated experiments (see Appendix C for more examples). The second band can be
isolated and observed in the TEM (b), revealing discrete dimer constructs. In chapter 3,
I'have reported on this finding more extensively. Here I remark that the presence of these
nonspecific constructs in the monomer particle batch made no difference for the titration
experiment. It is however curious that the nonspecific constructs are able to form during
the functionalization step, but the ligand mediated assembly fails. This suggests that the
nonspecific constructs are forming due to larger-scale interactions, as compared to a
single-group reaction required for the specific assembly.
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Figure IV-12. Multimer constructs appear in carboxy-PEG functionalized particle stock. (a) Gel electrophoresis
image of 75% carboxy-PEG particles, EDC/NHS activated particles and the titration of the diamino-
PEG. Arrows mark the dimer band present both in the control carboxy-PEG sample and the EDC/NHS
activated samples. Scalebar: 1 cm. (b) TEM image of the isolated second band. Scalebar: 400 nm.

The key observation here is that increased particle reactivity does not increase success
for the homo-type assembly. Similar to the maleimide chemistry, this could mean that
either (1) the reactivity of this system is lower than expected, or (2) that the PEG linker
cannot connect to the second particle, for example due to being connected with both
ends to the first.

To test if the ligand is the weak point in this assembly type, I changed from the homo
to hetero-type assembly, as sketched in Figure IV-13a.

For this, I mixed 10% amino-PEG particles with either 10% or 50% carboxy-PEG™
particles at equal volume ratios. Interestingly, I observed that simply mixing and

T continued using carboxy-PEG particles, knowing that they contain small amounts of nonspecific constructs.

Because of their neglectable amount, they should not disturb the assembly.
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incubating the two particle types does not lead to a change of the sample color (b).
However, a one-time centrifugation of the mixed sample shows instant color change from
red to violet. The change is less pronounced for the 10% carboxy sample, and strong for
the 50% one. This is a positive outcome, because it aligns with the expectation of a higher
reactivity leading to a higher aggregation rate. It is however curious that centrifugation is
necessary to trigger aggregation. This suggests that the reaction is inefficient as a freely
diffusing system, and needs forced close proximity between the particles to proceed. Most
interestingly, further centrifugation steps made no difference.

The gel electrophoresis supports the above findings. As seen in (c), the 10%
carboxy/amino-PEG particle mix separates into the monomers, with additional bands
appearing in between. This example shows why interpretation of hetero-type assembly
gels is more challenging: The dimer construct carries a mixed charge of the monomers
and is additionally double the size. If the dimer is the only other construct present, then
it can be discerned as the band approximately in the middle between the monomer bands.
However, higher order constructs complicate this picture. My attempt to collect and
assign the bands marked in (c) showed a heterogeneous result when imaged in TEM (d).
Most constructs I found were monomers, with dimers also present.
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Figure IV-13. Hetero-type assembly of carboxy- and amino-PEG particles. (a) Sketch of hetero-type assembly: a
carboxy-PEG particle is activated with EDC/NHS and coupled with an amino-particle. (b) For the 10%
carboxy-PEG sample, centrifugation leads to slight loss of color. (c) Gel electrophoresis image of 10%
carboxy- and 10% amino-PEG particle samples, as well as the assembly product after a 1:1 combination
and centrifugation of the two. The assembled mixture splits into the respective monomers, as well as
additional bands. Scalebar: 1 cm. (d) TEM images of the extracted constructs between the two monomer
bands. Scalebar: 200 nm.

On the whole the hetero-type assembly is not suitable for batch synthesis due to
difficulties in cleaning and gel band interpretation. However, generally it shows success
under additional force. With this in mind, there is a possibility that the homo-type
assembly may also work under additional force, such as the hetero-type.

I did not further pursue this question because the application of force is a risk factor
for the future assembly with the protein. As such, the EDC/NHS chemistry is a possible
option, but not an ideal one. Therefore, I do not recommend it for the Hsp90 dimer
assembly.
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3.4. Biotin-streptavidin assembles reliably

The biotin-streptavidin (SA) bond is well known in literature, and is in use in a variety

24 o1 even in force

of bioconjugate techniques, e.g. in immobilization of ligands
spectroscopy as by connecting beads in optical traps. Biotin is a relatively small molecule
with a weight of only 244.3 g/mol."” Streptavidin is a ca 60 kDa protein'* that can bind
up to four biotin molecules. Their interaction is described with a dissociation constant of
10" M,'” and is among the strongest non-covalent biological interactions.™" Their
complex is robust against pH fluctuations as well as e.g. washing steps,'”” which is an
important and critical point for dimer purification. This bond has been shown to work in
particle self-assembly, e.g. by connecting rod-shaped particles into long strings.”" In the
following, I show that this chemical system also works reliably in the assembly of particles

for our dimer experiment.

To compare the reactivity of the biotin-streptavidin chemistry against the others, I
repeated the assembly and titration experiments as explained before (3.2-3.3). Figure
IV-14a shows the homo-type assembly structure. Here, two biotin-PEG particles are
connected with a streptavidin (SA).

Figure IV-14b illustrates the titration experiment in the gel. The samples display an
expected reduced mobility in the process of saturation with streptavidin. This is because
streptavidins contribute to the particle size. Contrary to the previous examples, saturation
is not the only effect seen. Additional bands appear between ratios of particle-to-
streptavidin of 1:10 and 1:1000. The band in 1:000 loses color due to aggregation. The
sample 1:100 aggregates completely, as seen in the absence of a band and dark aggregated
residue in the gel pocket. This aggregation is also noticeable in the color of the samples
(c): The 1:100 sample is violet compared to others.

The difference between the 1:1000 and 1:100 samples is in the stronger saturation with
streptavidin for the first. For the 1:1000 case, the streptavidins block free biotin anchors
before those can react to other particles.

Ensemble spectra support these results, with 1:100 and 1:1000 samples showing
significant broadening typical of aggregation (d). The broadening is strongest for the
1:100 sample, in accordance with the gel result. The yield of constructs in the 1:10 sample
however is still too low to show significant broadening or resonance shift of the ensemble
spectrum. This is also in part because of a large interparticle distance.

M The exact biological function of the biotin-streptavidin interaction is not entirely understood. Streptavidin is

found in Streptomyces avidinii, and is similar to its cousin avidin which is found in egg whites. In the case of the egg
whites, the binding to the biotin is said to serve as an anti-microbial protection. Since biotin is an essential vitamin and
critical for e.g. bacterial growth, its lack prevents bacterial growth in the egg white. Streptavidin is said to serve a similar
role in competition between different bacterial species.!28-130
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Figure IV-14. Key findings of the biotin-streptavidin homo-type assembly. (a) Sketch of the dimer assembly: two
biotin-PEG functionalized particles are connected with a streptavidin (tetramer). (b) Agarose gel of a
control sample of biotin-PEG particles and a titration of the streptavidin. Scalebar: 1 cm. (c) Photographs
of samples from b, showing discoloration of the 1:100 sample (marked in pink). (d) UV-Vis ensemble
spectra of samples from b.

Chemically, the reaction is successful as compared to the previous two. One important
point is however that the reaction is not finished after 30 min, as the theory predicts. The
samples 1:100 and 1:1000 decolorate further. Additionally, the theoretically best predicted
ratio of particle to linker of 1:0.5 does not yet show signs of assembly, further suggesting
that 30 min are not sufficient to reach equilibrium with the biotin-streptavidin assembly
with our particles.

Nonetheless, several points speak for this chemistry as a good alternative to the
maleimide and EDC/NHS:

(1) Firstly, this reaction shows assembly within the 30 min as compared to the other
two, even if the reaction is not yet in equilibrium state.

(2) Secondly, the success of the homo-type assembly weakens the theory of our protein
attaching with both ends to the same particle.

For the last point, I theorize that an unwanted two-end attachment is less probable for
stiff and big proteins. For the streptavidin, this is because the first attachment orients the
protein in such a way that the remaining binding sites show upwards and away from the
first particle. Because Hsp90’s linking sites are also located on the opposite sides, it can
behave similar to streptavidin.

With this in mind, the biotin-streptavidin assembly is a good starting point for an
improved Hsp90 plasmon ruler assembly. The current assembly however has a drawback,
which is a large interparticle distance. Streptavidin adds approximately 5 nm to the
interparticle distance, and the PEG layers make up between 6-15 nm in total (see
chapter 3). Hsp90 contributes 10.5 nm on average. If two streptavidins are used for both
sides, this amounts to a minimal interparticle distance of 32.5-50.5 nm. This distance is
too large for detecting protein motion via plasmon coupling. Even if the distance added
by the polymer is optimized, streptavidin still adds 10 nm to the assembly.
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The question now is: How can the working biotin-streptavidin chemistry be transferred
to a viable assembly strategy? There are several possibilities, two of which I sketch as
concepts in Figure IV-15.

The task is to shorten the interparticle distance. This can happen by removing or
shortening components. One such way is to forego the PEG layer by attaching the
streptavidin directly onto the particle (a). Another option is to use the smaller mono-
streptavidin (b). With only about 15.5 kDa, this monomeric streptavidin is smaller (with
a hydrodynamic diameter of approximately 3.3 nm)."” Its affinity is typically weaker
compared to the tetrameric streptavidin. But modified options exist, showing comparable
bond strengths.'” As such, it is a viable replacement.

a b
M Biotin + ”Q Oynsictin + -

60 kDa 15.5 kDa

Figure IV-15. Sketch of possible hetero-type assemblies. (a) A biotin-PEG functionalzed particle is coupled with
a tetrameric streptavidin particle. (b) A biotin-PEG functionalized particle is coupled with a mono-
streptavidin particle.

To test the usefulness of these strategies for the protein dimer assembly, I aimed to
compare the two in proof-of-concept assembly experiments.

For strategy (a), I activated tetrameric streptavidin with a DTSSP reagent (3,3'-
dithiobis(sulfosuccinimidyl propionate)), which reacts with primary amines on the protein
and introduces a disulfide. In a following step, I attached the protein to a particle via the
introduced disulfide. Protocols are listed in the Appendix C.

For strategy (b), I attached a mono-streptavidin via a His-tag to a DNA-NTA pre-
functionalized particle.

I encountered complications with both strategies, which I list below.

Strategy (a) posed a challenge in the particle functionalization step (Figure IV-16a,
reaction with DTSSP). I used protocols previously reported by our group, > and at first
I could show successful reaction by characterization of the sample in the gel (b). As
expected, the mobility of the citrate-capped particles is reduced by attachment of
streptavidin. However, as the photo in (c) illustrates, the particles aggregate when left to
stand in solution. Additionally, I observed aggregation during washing steps by
centrifugation, which are important for following assembly steps.
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Figure IV-16. Particle modification with tetrameric streptavidin. (a) Sketch of the attachment procedure of
streptavidin (tetramer) via DTSSP to a gold particle. (b) Gel electrophoresis image of citrate-capped
particles and the same batch incubated with DTSSP-activated streptavidin. Scalebar: 1 cm. (c) Photograph
of a dark residue in a streptavidin particle sample.

Therefore, this functionalization protocol needs further improvement.

Contrary to this, strategy (b) showed no problems in the first particle functionalization
step. As sketched in Figure IV-17a, the aim is to test how readily a mono-streptavidin
particle assembles with a biotin one. As the gel image (b) shows, I could successfully
attach the mono-streptavidin to DNA-NTA particles. The resulting band shows slower
mobility due to increasing particle size.

To ensure that mono-streptavidin is reactive in principle, I additionally incubated it
with biotin-PEG particles but without attaching it to a particle first. The gel image (b,
right) shows successful reaction: The mobility of the biotin-PEG particles changes upon
incubation with the mono-streptavidin.

However, the addition of the respective biotin and streptavidin particles to one another
did not yield any visible change, despite the first two successful steps. The gels show no
change apart from the monomer bands separating (c, i), and the individual samples retain
their color, even when incubated for several hours and concentrated up to a dispersion
of 8 nM (c, ii+iii).
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Figure IV-17. Mono-streptavidin assembly results. (a) Sketch of the assembly. (b) Gel of DNA-NTA particles and
mono-streptavidin (left). Gel of biotin-PEG particles and the same batch reacted with mono-streptavidin.
(right). Scalebars: 1 cm. (c) Gel of mono-streptavidin particles, biotin-particles and their mix (i). Scalebar:
1 cm. Mixed samples remain the same color (ii), and centrifugation and incubation in a pellet (at a particle
concentration close to 8 nM) do not produce any visible reaction (ii).
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These observations suggest that either mono-streptavidin is less reactive due to
possessing only one reactive site for the biotin, or that it is geometrically aligned in such
a way that it is no longer available for reaction. It is therefore not a viable option for the
protein dimer assembly.

In summary, the reactivity of the biotin-streptavidin chemistry is superior to that of the
maleimide and EDC/NHS. The homo-type assembly possesses the drawback of a large
interparticle distance due to the size contribution of the streptavidin. Attempts to solve
this challenge showed complications in the form of unstable particles. Additionally,
mono-streptavidin is not as reactive as its tetramer. This has implications when compared
to the maleimide and EDC/NHS chemistry, suggesting that streptavidin’s advantages lie
in its number of reactive sites. With this conclusion, the tetrameric streptavidin is the
better option for assembly. However, streptavidin-functionalized particles require further
optimization to ensure particle stability for a reliable assembly.

Compared to the streptavidin-based assembly, DNA-based particles offer more
flexible tuning of interparticle distance and even better reactivity, as I show as follows.

3.5. DNA-DNA hybridization is the most robust assembly in both
homo- and hetero-type assembly

In this section I introduce the DNA-based chemistry in greater detail to explain the
advantages and constraints. This information is necessary to understand why I chose a
certain assembly strategy. The aim of this introduction is also to serve as a reference for
future optimizations of this protocol.

Assemblies based on DNA-DNA hybridization present the most flexible option of the
introduced assembly strategies, as I explain as follows. This assembly method works
through hybridization of any two complementary DNA strands. In literature, this
assembly strategy is commonly known under the general title of “DNA origami”.'” It
utilizes smart combination of base pairs, strand lengths and assembly geometries to form
a variety of complex nano assemblies. There exist many reports of such assemblies, also
featuring gold particles in various shapes. Most often, such assemblies are used in
RAMAN:-enhanced sensing applications.*'*

Despite their versatility, DNA hybridization has certain constraints. Stability of
hybridized constructs depends on a number of factors, among them salt conditions for
charge screening reasons, temperature, specific sequence, as well as the number of
overlapping base pairs.”””"” In particular, the dissociation rate of the hybridized strands
is connected exponentially to the number of base pairs."”” Nine overlapping base pairs are
reported to have an average dwell time of 42 s."”” Hour-long stability is reported starting
from a minimum number of 12 overlapping base pairs, with the approximate threshold

of 15 base pairs considered a safe overlap for long-term stability.”*'*

I considered the contribution of the DNA to the interparticle distance first to estimate
the suitability of this strategy for the protein dimer assembly. A double stranded 15 base
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pair DNA has a length of 5.1 nm."*">" This is similar to the range of previously assumed
polymer spacer length. However, if additional stabilizing molecules or a layer is added
under the DNA (compare results in chapter 3), then the interparticle distance grows
accordingly.

The DNA origami community offers a solution to this problem, which I document
here for future reference. As sketched in Figure IV-18a, the single-stranded DNA is
usually attached with its 5" end to the particle. This leads to a pairing in the “shear” type
of geometry during assembly. The interparticle distance corresponds to the length of this
double strand. However, if one DNA strand is instead attached with its 3’ end to one
particle, then a “zipper”-like hybridization geometry can be achieved (b)."*’ This geometry
can save interparticle space, but requires free lateral space along the particle surface.

For my proof-of-concept studies with DNA, I used the “shear” geometry shown in
(a). For future protocols, such as when particles are pre-passivated, I recommend to move
to strategy (b) to save interparticle distance.

a
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b »Zipper” JL
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Figure IV-18. Illustration of two possible hybridization geometries. (a) “Shear” geometry: the DNA strands are
both attached with their 5’ ends to the respective particle. (b) “Zipper” geometry: one DNA strand is
attached to the respective particle with its 3’ end instead, forcing hybridization in a direction along the
particle surface.

After selecting a suitable hybridization geometry, I needed reliable DNA sequences.
For this reason, I used the DNA sequences from [*]. These sequences have been
previously used successfully in optical trap experiments, which eliminates the danger of
failure due to a nonideal sequence choice. In my experiments, I attached the DNA strands
with a thiol to the particles,” in a similar way to the PEG protocol. All sequences are
listed in respective figures and protocols are in the Appendix C.

To see if the DNA-based assembly can substitute the biotin-streptavidin one, I tested
the assembly in the homo-type (Figure IV-19a). Because the biotin-streptavidin assembly
showed no issues related to the two-sided attachment to the first particle, I used Hsp90

Xxxiii

Calculation for a double stranded DNA dublex goes according to: /ength=0.34 nm-number of overlapping bases.
Note that this calculation is applicable to hybridized DNA, not for single stranded DNA. The single stranded DNA is
longer. Additionally, both values are salt-dependent, so caution needs to be taken when estimating its length.!42
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directly instead of a dummy. For this, the Hsp90 (T285C) protein was functionalized on

xxxiv

both cystein-modified sites with complementary DNA strands via maleimide coupling.

The reproduced titration experiment (compare 3.4) shows results similar to the biotin-
streptavidin assembly. Firstly, samples display a discoloration characteristic of aggregation
(b). The peak of this discoloration is at the particle-to-protein ratio of 1:100.

In the gel characterization (c), titration of Hsp90 slows the particle mobility. This is
because in this case, the size increase by the added protein outweighs the charge effect.
Samples with a particle-to-protein ratio between 1:10 and 1:1000 show the strongest band
discoloration. The biggest difference is a lack of the multiband structure characteristic of
assembly. The reason for this is the heterogeneity of the DNA particle sample, seen in
the broad band and smearing in the control band.

Ensemble spectra mirror this trend (d): The samples with the biggest discoloration,
1:100 and 1:1000, show a broadening of the FWHM indicative of aggregation.
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Figure IV-19. Homo-type assembly with DNA-modified Hsp90. (a) Assembly sketch: Particles are modified with
thiol-capped DNA, and the Hsp90 is modified via maleimide chemistry with two identical,
complementary strands. i-iv show respective color-coded DNA sequences.*0 (b) Photograph shows the
control DNA particle sample, as well as samples containing particle-to-protein ratios ranging from 1:1 to
1:10.000. Similar to the biotin-streptavidin samples, the ratios 1:100 and 1:1000 show the strongest
discoloration. (c) Gel electrophoresis image of particles in b. Image shows the control DNA particle
sample and the titration of the DNA-Hsp90 with increasing particle-to-protein ratios. Scalebar: 1 cm. (d)
UV-Vis ensemble spectra of samples from b.

The data shows that homo-assembly is possible with the DNA-modified Hsp90
protein. Unfortunately, further characterization is impossible due to the low particle
quality. In particular, my DNA particles aggregated over time in the PBS and HEPES
buffers used for assembly with the protein. I address and solve this problem in the second
part of this screening.

To further test the flexibility of the DNA assembly and enable comparison with the
previously introduced chemistries, I completed this screening with the hetero-type

5V protein and functionalization were kindly provided by the Hugel Group in University of Freiburg.
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assembly. As a proof-of-concept, I did this study without the protein. Additionally, I
addressed the particle stability problems by pre-passivating them as documented in
chapter 3.

I first pre-passivated the particles with PEG. Then, for a fair comparison to the other
chemistries but specifically the maleimide one (3.2), I tuned the number of DNA strands
with the number of PEG anchors, setting it to 10%. The resulting assembly concept is
illustrated in Figure IV-20a. The complementary particles are combined at a volume ratio
of 1:1 and characterized after 30 min.

Figure IV-20b displays the characterization in the gel. Notably, the control bands of
the monomer particles show a more defined shape, no smearing and no aggregation,
meaning that the additional passivation step reduced particle heterogeneity and improved
stability. The zoom in on the right shows multiple bands of the formed constructs.
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(ii) 5" )-GGCAGGGCTGACGTTCAACCAGACCAGCGAGTCG-thiolC3-3*
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Figure IV-20. Hetero-type assembly, without Hsp90. (a) Sketch of the DNA-modified particles. The particles are
pre-passivated with a methoxy-PEG and maleimide-PEG (2000 g/mol, 3000 g/mol). Thiol-capped DNA
strands are attached via maleimide chemistry. In this example, the DNA is fixed at 10% via maleimide
anchors. i-ii show the DNA sequences.*0 (b) Gel electrophoresis image of DNA particles (control 1 and
control 2 are color coded according to sequences in i-ii), as well as the mixed sample. Closeup of the
mixed sample (right) shows multiple bands beside the monomer band. Scalebar: 1 cm.

The results show that DNA-based assembly is flexible and successful regardless of
assembly concept. Most importantly, it is more effective than the maleimide chemistry
that serves as a basis for comparison.

Following this success, I decided to go one step further and explore the limit of the
reaction efficiency as compared to the fraction of DNA strands on the particle. As
previous successful tests with the EDC/NHS chemistry show (3.3), the assembly depends
on the number of reactive sites. For the EDC/NHS case, the reaction was not yet at its
optimum even at a fraction of 50% of end groups, as seen by the unreacted monomer
bands separating in the gel.
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For the comparison, I tuned the DNA fraction on a particle, resulting in samples with
19%0-10%-50%-100% DNA.™" Similar to the first study, I mixed the complementary
particles in equal volume and incubated them for 30 min. Figure IV-2la shows
photographs of the study, with (i)-(iv) sequentially displaying the control monomer
samples in the HEPES buffer and the mixed sample below. As a main observation, the
particles retain their color in the HEPES butffer, signifying their stability even at higher
ionic strengths. Secondly, no assembly is seen at lower ionic strength (ii, lowest sample).
This underlines the importance of charge screening for assembly success. Lastly, the
maximal discoloration happens already at 10% DNA, and increased DNA content does
not improve this. Ensemble spectra of the mixed samples support this (b): All samples
show broadening, with significant increase happening between 1 and 10%.
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Figure IV-21. DNA-fraction dependent assembly speed. (a) Samples i-iv show control particles with
complementary DNA strands (in red and blue), and a 1:1 mixed sample of both in HEPES buffer, after
a waiting time of 30 min. To show the importance of salt for hybridization, a mixed sample with 10%
DNA is shown in low-salt TE buffer (ii). (b) UV-Vis ensemble spectra of mixed samples from i-iv, with
DNAY% recorded in the legend.

The results of this study are helpful for future assembly design. Knowing that 10% of
DNA anchors are already sufficient for maximal reactivity within the time frame of
30 min, study sets a reference point for future particle optimization.

Overall, both the homo and hetero-type assembly concepts show positive assembly
results. The key points to success are well-passivated and optimally functionalized
particles. This is especially important because more heterogeneous particles lead to
smearing bands in the gel agarose experiments, and low stability in experimental buffers
such as HEPES and PBS. In addition, DNA is an expensive component. It is therefore
be better to use a cheaper polymer for passivation, and add only as much DNA as
necessary for optimal reaction. For this, my study gives a useful reference point. In terms
of assembly type, homo assembly is preferred due to simplicity, but hetero assembly
works just as well. Both assembly methods are also suitable for both sequential synthesis
in a flow cell and in batch. Constructs can be easily identified in gel electrophoresis due

XXXV

Further, I improved the grafting protocol with the DNA. This is why in the following examples, the 10% DNA
sample results in total aggregation that is not yet seen in the first study. The improved protocol is documented in the
Appendix B.
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to both particle types having the same charge and similar mobility. This makes this
assembly strategy the most versatile and promising of all methods explored.

4. Summary and Conclusion

At the beginning of this chapter, I introduced three main theories why assembly fails.
The screening addressed these theories, showing weaknesses in the assembly and
providing guidance for an improved assembly protocol.

An important result is that the protein is not a source of failure. Previously theorized
binding of the protein with both reactive ends to the same particle is also not the case, as
demonstrated first with successful assembly with streptavidin and then with a DNA-
modified Hsp90. On the other hand, the bottleneck that mainly decreases assembly
success is the efficiency of the linkers connecting the two particles.

Upon giving answers to these theories, I found key aspects that improve the assembly
process.

First, regarding best linkers for assembly, I found the biggest advantage in the DNA-
DNA hybridization. These linkers are highly reactive, have tunable length as well as
hybridization geometry. The last two points are important for the adjustment of the best
interparticle distance for optimal plasmon coupling. For the reason of higher flexibility, I
recommend this strategy over the comparably efficient biotin-streptavidin coupling.

In terms of assembly approach, the homo-type assembly approach is the best due to
its simplicity. It requires the optimization of one particle type only. Additionally, the dimer
constructs made in a batch synthesis can be easily identified in a gel electrophoresis
experiment and separated for measurement. In this context, the batch synthesis method
has the advantage of retrospective enrichment of the dimers in a sample. This way, more
dimers can be simultaneously measured in a single experiment, improving the statistics.
Looking beyond the current goals of the Hsp90 plasmon ruler project, the batch synthesis
offers additional benefit of mixing and measuring different proteins at the same time in a
single experiment.

Lastly, two additional steps are yet necessary to improve the current protocol’s
robustness. Here I leave a roadmap for these future steps, based on the findings of my
proof-of-concept studies.

As the assembly study with the DNA-modified Hsp90 protein has shown, the DNA
functionalization of the particles requires further improvement. In chapter 3, I have laid
out the reasons and necessary steps. Briefly, an additional passivating layer below the
DNA will ensure better stabilization, as shown in my last study where I employed PEG
for this role. At present, the proof-of-concept layer is too thick and the interparticle
distance too large for plasmon coupling. Additionally, chapter 3 has shown that PEG is
not ideal due to the possibility of gaps in the polymer layer.

Therefore, a promising direction for the next-generation particle is an alkyl-type of
underlayer. Literature shows that it offers more protection against unwanted (protein)
adsotption, especially when compared to simple PEG layers.'* The reason for this
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appears to be an additional hydrophobic shielding effect that blocks the gold surface from
potential nonspecific interaction, especially with molecules that contain thiols in form of

cysteins.'"

With these two steps, the future particle will fulfill the necessary requirements of
passivation against nonspecific interactions, colloidal stability and reactivity.
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V.PLASMON RULER MEASUREMENTS
REQUIRE ASSEMBLY CONTROL

To understand the function of a protein it is important to study the behavior as fast as
possible and on a long timescale. The intensity-based sensing developed in our group
brings these advantages over several other single-molecule based methods. Our method
is capable of measuring the protein at a resolution of 20 ms for 24 h, with a factor 4 of
better signal-to-noise ratio compared to single-molecule FRET.*

The complication is that the measured signal requires additional (and often external)
validation. This is especially the case for a batch-type assembly,™" where no
spectroscopical in-between characterization steps can guarantee that the measured signal

originates from a properly assembled construct.

In the case of the Hsp90 assembled dimer, the validity of measured data has hitherto
been guaranteed by comparison with available FRET data in terms of measured dwell
times. However, FRET data is limited in time dimension, and the plasmon ruler’s task
and main motivation is to expand on its data and give a deeper insight into long-term
protein behavior. When new dwell times or signal types are found with the plasmon ruler,
they can no longer be verified with FRET. For this reason, it is especially critical to have
control over the plasmon ruler assembly and assurance that newly discovered data can be
traced back to the protein behavior.

In a previous work on the plasmon ruler by Bastial Flietel,” a new type of signal was
discovered when measuring batch-synthesized Hsp90 plasmon rulers. This signal
consisted of a multi-state pattern, as compared to the previously measured two-state
pattern indicative of the protein’s “open” and “closed” conformation. Similarly, the dwell
times were in a comparable range with previously reported ones.*” Using the established
and previously tested control method of stopping the fluctuation signal of the protein by
locking it to its closed state with adenylyl-imidodiphosphate (AMP-PNP),* the
fluctuation signals stopped as expected, albeit not in all cases. Therefore, the nature of
the novel fluctuating signals was not yet entirely clear. This topic remained of high interest
for the project: If the signal originates from the protein, then this would be an interesting
expansion on the previously known protein behavior. If the signal is an artifact, then this
is still a positive outcome, because it helps improve the method and eliminate non-protein
related data.

¥V As introduced in the first chapter.
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In this chapter, I show the discovery of such patterns in PEG-functionalized samples
in the absence of the protein. Here, the origin of these patterns is traced back to two key
aspects: the weak interaction between the particles and the substrate in the presence of
the buffer used for Hsp90 measurements, as well as the presence of nonspecifically
assembled dimer (and possibly higher-order) constructs that are the culprit behind the
protein-like fluctuation patterns in the time traces. Using control measurements, I show
the importance of covalent attachment of the particles to the substrate, as well as the need
for more control and characterization over the particle stock used for the protein dimer
assembly.

1. PEG-functionalized particles without protein show similar, multi-
state behavior in rare cases.

An important part of a well-controlled measurement is the preliminary characterization
of the monomers. This serves as a reference for the typical additional measurement noise
that is not related to the protein motion. Here I report how the characterization of the
monomers led to the discovery of the protein-like traces in the original particle batch.

Similar to previously reported procedure,” particles are deposited onto a glass substrate
previously washed with a 30% Hellmanex solution and then water, before switching to
the measurement buffer (HEPES, pH=7.4). Thereafter time traces are taken. To conform
with previous measurements,” the time traces have an exposure of 100 ms, and a duration
of 30 min.

As expected, the measurements show single particle time traces with random noise
" below 2% depending on the initial particle intensity I (o~I"?), typical of PEGylated
particles (Figure V-1a-b). Surprisingly however, in around 1% of traces across various
measurements, discrete multi-step patterns are found (c-d), identical to previous
measurements done with batch-assembled Hsp90 dimers.”

B 5 is calculated using the standard deviation over the time trace.
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Figure V-1. Multi-state time traces found in monomer samples without protein. (a) Noise ¢ plot over intensity /
of time traces of a total of 449 single particles. (o~I'/2) (b) A typical time trace of a single particle,
corresponding to the statistical noise. The y-axis corresponds to relative intensity in %. (c) A time trace
showing a step-wise three-state pattern, similar to previously reported and not understood multi-state
time traces in Hsp90 batch-assembled dimers. (d) A closeup of the trace in ¢, showing the discrete step
pattern with dwell times in the second’s range.

Roughly, the observed time trace patterns can be distinguished by the fluctuation
intensity as well as their pattern type. Figure V-2 shows two example time series for the
different intensity cases. The trace in (a) shows multiple steps. When looked at separately,
two steps marked in the figure show a fluctuation range of only 3-4%. On the other hand,
the time trace example in (b) shows a range well above 10%. In addition, this time trace
shows a bigger trend of varying fluctuation intensity.

Figure V-2. Examples of the time trace fluctuation range. (a) Example of a time trace with intensity fluctuations
in the range below 10%. (b) Example of a time trace with varying intensity range and above 10%.

The heterogeneous nature of data also shows in the types of recorded patterns (Figure
V-3). Similar to previous work,” time traces with a distinct two-state pattern (similar to
the ones expected of dimers with a dynamic protein) are found along with multi-state
time traces, as well as more chaotic ones with intermediary distinct states. For some time
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traces, the discrete step-pattern behavior can stop randomly or change without further
experimental input.

Two-state_ :
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Figure V-3. Examples of time traces with a step-like pattern, with close-up (right). (a) A two-state time trace.
(b) A multi-state time trace with at least four distinguishable states. (c) A time trace containing both
regions with discrete steps and more chaotic patterns.

This discovery raises important questions about the nature of this data and when
exactly it occurs. Understanding it is critical for the future of the plasmon ruler, because
the occurrence of such artifact traces is as often as that of previously recorded protein
time traces.”” Their random fluctuation nature poses a challenge for distinction from
protein related time traces, at least for methods that rely on e.g. locking the protein in one
state and stopping the fluctuation.™" Additionally, the seconds-range dwell times similar
to the protein traces are a further reason to investigate their nature and/or eliminate them
from the future measurements.

2. Theories

Understanding the source of fluctuations is key to eliminating their presence. Intensity
based measurements are sensitive to various changes in the particle environment, such as
plasmon coupling due to a close by particle or a variation in the local refractive index."*
In our measurement configuration, the local refractive index around a particle is
composed mainly by the substrate (glass), as well as the medium. The refractive index is
affected by a number of factors, such as distance to the substrate, local fluctuations in
ionic strength and the presence of contaminations. Any of these factors may be present

XXXVl

Previously, this was done by incubating the plasmon rulers with adenylyl-imidodiphosphate (AMP-PNP) and
therefore locking the protein in its closed state.*
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at the same time in a given measurement. For discussion purposes, I separate these topics

into three categories: the substrate, the contaminations and plasmonic coupling effects.

Figure V-4 illustrates possible scenarios arising from these interferences with the

measurement. Below I briefly comment on each case.

Figure V-4. Possible scenarios leading to artifact time traces in intensity-based particle measurement. (a) The

substrate effect: Glass typically has a higher refractive index than the buffer (n=1.5 vs n=1.33). Thus,
movement against the substrate can lead to a periodic change of the local refractive index. Additionally,
it may happen that particles move to other spots on the substrate. Possible heterogeneity on the substrate
itself (variation in roughness or charges) may then lead to a significant difference in environment. (b)
Impurities either on the particle itself or in the sensing volume can lead to either unwanted particle
movement on the substrate or local refractive index change by diffusion through the particle sensing
volume (i). Additionally, an impurity can also contribute to the total collected light through its own
scattering (i). (c) Plasmonic effects: As shown in chapter 3 and 4, “impurities” in the form of
nonspecifically coupled PEG-dimers (and higher order constructs) can be present in a particle sample.
Such dimers could then move in different ways, causing changes in plasmonic coupling. In the left
example, two such particles move due to PEG entanglement and heterogeneity of the polymer layer. In
the right example, the end groups of one polymer chain interact with the other particle. Due to a relatively
weak binding (e.g. as shown in chapter 3-4 for carboxy groups) and the natural polymer length
heterogeneity, the polymer binding the particles may alternate, leading to a periodic change of interparticle
distance. (d) In addition to cases shown in ¢, impurities may also nonspecifically connect two particles.

One possible origin is a substrate effect shown in cases a (and partially in b, left). The

substrate effect arises from the difference in refractive index between the medium and
substrate. The measurement buffer in the Hsp90 plasmon ruler experiment has a
refractive index in the range between n=1.33-1.34, depending on the ionic strength of the
buffer. The glass substrate has an approximate refractive index of n=1.5. At the same

time, the glass substrate itself may be heterogenic in nature, leading to differences in local

roughness and charges present. As such, if thermal motion moves a particle in any given
direction across or to and from the substrate, this leads to a change in the local refractive

xxxix

As stated by supplier: VWR international for cover slip borosilicate glass.
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index. A particle moving to and from a glass substrate can lead to a signal intensity change
in the range of 1-2%, as previously shown by simulations in the work of Bastian Flietel.”

Another source may lay in impurities, as shown in (b, d). Impurities are a factor that
is difficult to account for due to their unexpected nature. One possible way of an impurity
affecting the measurement is by attachment to the original particle (Figure V-4b, left).
This attachment can alter the interaction with the substrate, e.g. by changing the forces
between the particle and substrate.” This would make the particle more mobile, and also
affected by refractive index changes, as shown in (a). On the other hand, impurities
present in the buffer medium (as shown in b, on the right) can also affect the plasmonic
signal. Depending on their chemical nature, the refractive index of impurities is generally
higher than water, thus causing a local change.™ If such impurities are present in a certain
amount, they may periodically enter the sensing volume of a particle and change the local
refractive index. This effect however should be maximally in the range of the
abovementioned 1-2% glass substrate effect, if not less.

An altogether different effect can happen when an impurity contributes through its
own scattered light, as sketched (b). In this case, the intensity range for the signal is broad
and unpredictable, depending on the size and scattering strength.

Lastly, plasmonic coupling effects may be responsible for the unexpected time trace
signals. At first glance this is a counterintuitive statement, because particle batches are
expected to contain isolated, single particles. This should especially be the case when
conditions for colloidal stability (as described in chapter 2) are fulfilled. Nonetheless,
results in chapters 3-4 have shown that even a batch of single particles may contain dimers
and higher order constructs as “impurities”. Assuming this case, different scenarios may
arise and lead to step-like signals in the time traces, as shown in Figure V-4c-d. For
simplicity, only dimer constructs illustrated, depicting different scenarios such as PEG-
PEG entangled dimers, and those collected by polymer end groups (c), as well as some
impurities (d). In the case of (c), the heterogenic nature of the polymer may be the factor
responsible for the alternation of the interparticle distance. This could happen either
because the polymer layer is uneven and has “dips”, between which the particles may be
rolling. It can also happen that physisorbed end groups (e.g. carboxy or amino, as
discussed previously in chapter 3) on polymer chains with different lengths alternate in
holding particle together against thermal motion. Further, some unaccounted-for
contamination may also play a similar role by holding the particles together and possibly
contributing to the motion (d).

xl . . . .

¥ Refer to chapter 2, theory and interparticle interactions.
* This is assuming that the contaminations have a nature similar to cither proteins or polymers. A possible
contamination source for that are, for example, the plastic tubings and the polymer used to glue the flow chambers for
the dark-field measurements. The refractive index of proteins and polymers lies in the range of n=1.34-1.48 146147 a5
compared to water (n=1.33).
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As previously suggested, none of these effects is guaranteed to be the only one present in
a given measurement. Nonetheless, in the following section I attempt to address these
theories with theoretical and experimental data to single out the most probable factor
responsible for the artifact time traces.

3. Experiments hint at a combination of substrate and plasmonic
coupling effect

To pinpoint the origin of the fluctuation signal, I address the theories by separately
discussing the possible role of the substrate, impurities, as well as plasmonic coupling in
the generation of the step-like time traces. As a preliminary summary: Several theoretical
and experimental hints suggest that the substrate and the plasmonic coupling effect may
be the dominant reasons for observed step-like time traces.

3.1. The substrate effect is complex

The substrate is a complex component. To understand its role, I use theoretical
estimations and validate them, where possible, with experimental findings. This helps gain
a picture of the substrate effect and estimate the proportion of its role.

3.1.1. The role of the vdW interaction

To estimate the role of the substrate, I focus first on the attractive interactions between
the particle and the substrate. This is because the strength of the interactions under the
given experimental conditions gives an estimate of the viability of particle movement after
initial deposition onto the substrate.

On a bare glass substrate, attractive van der Walls interaction is responsible for
keeping the particles stuck. I estimate its strength to understand if it is sufficient to
prevent particle movement. The calculation is done in a similar way as in chapter 2 for
two particle pairs, except that now the interaction is calculated for a spherical object and
a plane. Assuming that the contribution of the vdW attraction of the surfactant is
neglectable, the significant factor is the interaction between the gold sphere and the glass
substrate at the respective distance.™

Therefore, I expect different vdW attraction depending on a presence or absence of
functionalization, and its thickness. To show this trend, I estimated the attraction for
different cases of functionalizations. In Figure V-5a, I show the estimations for vdW
interaction as multiples of &gT for cases of 50 nm sized particles with varying
functionalization. The cases include a bare gold particle with an approximate gap to the
substrate of 1 nm, a CTAC stabilized particle as it is present after particle synthesis, and

! Another neglected factor here is the electrostatic interaction. For this first estimation, T assume that the effect is

neglectable due to sufficient charge screening in the protein buffer, as observed in the calculations done in chapter 2,
theory.
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then two cases of PEG functionalized particles with different thicknesses. The values for
the thicknesses are taken from the measurements from chapter 3.

Expectedly, the vdW calculation for bare particles shows a strong attraction (&s1=40),
whereas PEGylated particles with a much larger distance between the gold and the
substrate have an attraction that is close to the thermal energy range (4ksT=3-7).
Therefore, they are comparably weakly attached, as far as vdW attraction is considered.
Such particles are theoretically at the risk of moving or desorbing through thermal

motion.
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Figure V-5. Attractive vdW interaction between a particle and a glass substrate. (a) Sketch of particles with
different surface functionalizations and respective distances D between the particle and the substrate.
The PEG values are adapted from DLS measurements (chapter 3) and the CTAC value is from Meena
et al*8 (b) Van-der-Waals interaction calculated as multiples of £pl" according to a sphere-flat plane
geometry with Eyqw = —AgR/(6D),%7 with the Hamaker constant of gold/water/quartz 3.3-4.5-10-
20 J149xiii The calculation with the average value (3.9-10-20 ]) is indicated as the thick green line, with the
calculation with the upper and lower values (3.3 and 4.5-10-2° ) displayed as a dashed line for comparison.
Colored lines represent the cases from a.

In the dimer assembly, particles are typically functionalized with a mixture of
2000 g/mol and 3000 g/mol PEG. Therefore, the vdW attraction can be expected to lie
in the range of several &7, and CTAC particles™ should be firmly stuck to the substrate.

To test how this theory relates to reality, I deposited CTAC particles onto a glass
substrate and measured their time traces in the HEPES buffer to mimic the original
experimental conditions. One such typical measurement is shown in Figure V-0.
Interestingly, the measurement shows a split of time traces into two populations: those
that show a typical statistical noise trace, and those that show a “bumpier” and less
expected traces (b).

M Refer to chapter 2, theory, for the calculation of the vdW interaction. Ay is the Hamaker constant, R the particle

radius and D the distance to the substrate.

M eTAC: cetyl trimethyl ammonium chloride, a surfactant molecule used to stabilize gold particles during synthesis.
See Appendix for synthesis protocol.
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Figure V-6. Time traces of CTAC covered monomeric particles. (a) A noise plot over intensity for 700 measured
patticles, showing one population following the statistical noise. This is indicated by the guide-to-the eye
drawn as a grey line. There is a noisier population beside it, indicated with the grey shaded area. (b) The
recorded time series are split into two populations: one with an expected statistical noise pattern, and
another with a noisier pattern.

Considering the small distance between the particles and the substrate, this suggests
that more factors aside from the vdW interactions are responsible for particle instability.
This is further supported by the evidence that particles typically require a salt solution
(e.g. 1-2 M NaCl) to be deposited onto the substrate, suggesting the possible role of
additional electrostatic interactions. With 50 mM KCl, the HEPES buffer may not have
enough ionic strength to sufficiently screen the charges and reduce repulsion.

Consequently, the split between the statistically noisy and the non-statistically noisy
population may be explained by the fact that CTAC is not evenly distributed over all
particles, and is desorbing over time. Thus, some particles may be more prone to sticking
compared to others. This result shows that consideration of vdW attraction alone is not
enough to approximate the influence of the substrate.

3.1.2. The estimation of the total interaction is complex

As already shown in chapter 2, the estimation of the total interaction is complex. To
give a more complete picture that can serve as a guideline for future persons working on
a similar project, here I summarize additional factors to keep in mind, as well as
anecdotical observations that require further consideration.

As a first note, the simplified vdW estimation approach neglects such factors as surface
roughness (Figure V-7a) or the role of the electrostatic attraction/repulsion (b). The
roughness reduces the attractive interaction between the partners, and electrostatic
interaction can vary, depending on the medium and the electrostatic double layer that
may potentially shield them.
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Figure V-7. Roughness effects and electrostatic interaction. (a) Two factors are responsible for the roughness:
first that of the polymer layer on the particle, and second that of the glass substrate. (b) Generally,
roughness leads to a larger effective distance between the particle and the substrate, and subsequently a
lower vdW interaction. (d) Electrostatic repulsion may be an additional factor in possible repulsion or
attraction of particles to the surface. In the case of a glass substrate, it may originate from deprotonated
silanol groups.

As shown in Figure V-7a, the roughness effect is present in both the particle in the
form of the polymer layer, as well as the substrate. Due to its small size and shape, the
roughness of the particle is difficult to characterize as compared to a large flat surface.
However, the polydispersity index (PDI) given by the manufacturer offers an idea of its
length distribution. This is sketched in Figure V-8a+b, showing how a hypothetical,
monodisperse polymer layer (a) naturally has a larger surface contact as compared to a
polydisperse one (b) with a polydispersity index of 1.03, as given by the supplier’s data
sheet for our PEG polymers (PDI=1.03-1.04). Additionally, since the state-of-the-art
protocol uses different weights and polymer types, the polymer layer on the resulting
particle is even more uneven, as illustrated in (c). All of these factors reduce attractive
interaction with the substrate and can explain the observed behavior in the time trace.
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Figure V-8. To-scale sketches of different polymer cases. (a) Sketch of a particle on a substrate with the highest
possible contact and shorted distance, due to a homogenous polymer layer. (b) Realistically, polymer
layers do not consist of only one polymer length. Polymers have a distribution of chain length arising
from the polymer process. For example, the PEG supplier Iris biotech gives a PDI of 1.03-1.04 in the
data sheet for the methoxy and carboxy-PEGs in use in our protocols. (c) Sketch of a mixed polymer
layer, where a 2000 g/mol methoxy-PEG polymer is mixed with a 3000 g/mo] amino-PEG. For sizes,
average DLS measurements from chapter 2 are taken for the sketch.

On the topic of substrate roughness, Chada et al."™ report an average roughness of
1949.6 A for a borosilicate coverslip glass, as measured by atomic force microscopy
(AFM). The roughness is reported to reduce significantly after etching with a
KOH/ethanol solution to 1.7+0.3 A.
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This pre-treatment would expectedly increase vdW interaction of the substrate with a
particle. At the same time, this effect goes along with electrostatic interaction (as sketched
in Figure V-7b). This is because the base charges the glass by deprotonating the silanol
groups, although other effects unrelated to the acid/base chemistry mechanism are also
reported.®

In our experiments, we observe the influence of the above factors indirectly, as
opposed to a more direct characterization with e.g. an AFM. One such way is to observe
the stability of single particles is to measure a time trace, as shown above. Another way
to visualize the substrate-particle interaction is to do a quantitative study of particle
deposition. In this study, a fixed concentration of particles is added and incubated over a
fixed time on a substrate. The unattached particles are flushed out. In this way, our group
has previously characterized the passivation quality of substrates, e.g. as shown in the
works of Laura Tueting’' and Bastian Flietel.”

With the aim to understand how particle interaction differs specifically in the case of a
bare glass substrate, our student Joscha Eisel™ expanded this study during the time of
my thesis. His findings help shed light on the complexity of deposition of particles on
bare glass—a case where the novel time traces were first discovered by Bastian Flietel
with his batch synthesis.”

In his master thesis,"”

Joscha Eisel has studied particle deposition on glass under
different conditions. He compared the numbers of deposited particles: More particles
signified higher attractive interactions, and less particles more repulsive interactions. His
results show that a pre-treatment of the coverslip glass with a NaOH solution produces
a significant effect and increases particle sticking. Thereby he compared non-treated
coverslips with treated ones, and afterwards deposited CTAC particles, before switching
to the HEPES measurement buffer for consistency with the plasmon ruler experiment.
His data shows a deposition of only 28+18 particles on the untreated substrate, and
2233%1161 on the substrate pre-treated with NaOH. The treatment appears to introduce

either additional charges and/or reduced roughness to the substrate.

Most curiously, he noticed that particle sticking also differs depending on the material
used for substrate assembly in the in-lab manufacturing process. The substrate assembly
process is described in detail in several previous works.”>'** Briefly, a flow chamber is
assembled by glueing two glass coverslips together. For this, either a pre-cut sheet of
Parafilm® PM996 (made of a mixture of waxes and polyalkenes according to
manufacturer datasheet, by Amcor), or a double-sided adhesive tape is used. The student
noticed that coverslips with Parafilm® are affected by pre-treatment with NaOH, but

¥ One such example is the effect of “slide electrification”.15! The effect describes the charging of a water droplet

when sliding across a substrate. In our experiment, something similar may happen when a flow chamber is first flooded
with water at the start of a measurement. This effect shows that surface chemistry, especially in relation to glass, is a
complex matter.

123



Chapter V': Plasmon Rulers and Assembly Control

much less so when they are assembled with sticky tape. The latter case showed deposition

xlvi

of only 66130 particles, a number comparable to the non-treated glass.

His results suggest several important points: First, that there is a possibility of the
Parafilm® substrate evaporating and re-distributing on the substrate. And secondly, that
treatment with NaOH makes a difference, although it is difficult to guess its nature since
the exact composition of the waxes and polyalkenes is not known. The electrostatic
charging of the bare glass therefore appears less significant than the unknown factor
introduced by the Parafilm®.

To summarize, the particle-substrate interactions are weaker than necessary for firm
attachment. Irregularities and possible contamination of the substrate can also cause
additional noise in time traces in the predicted range of 1-2%.> However, they cannot
explain the step-like patterns in the range of 10% and higher.

3.2. Big impurities are rare and isolated events

Impurities are another factor that may play a role in the generation of the nonstatistical
noise time traces. The topic of impurities is a broad one, as the term “impurity” suggests.
For the purpose of this work, I separate the impurities into two categories: those present
on a particle and those present in the solution. The first is category difficult to account
for since it requires the characterization of the particle and possible impurities in
chemicals involved in the grafting process. Because of this, I focus on the second category
instead.

Generally, impurities in the solution are avoided by filtration of the buffer. This process
however does not include possible dirt that may be present anywhere in the experimental
setup. However, such dirt is not expected to be present in high concentrations, and should
be flushed out during the flushing steps at the beginning of the experiment. This leaves
one last possibility: since particles were shown to have a weak binding to the substrate,
they can become a form of “impurity” that disturbs the measurement.

Here I demonstrate how such particles may affect the measured time trace. For this
example, I show a dark-field measurement of CTAC stabilized particles in the presence
of freely diffusing other particles.

Figure V-9a depicts a field-of-view of a dark-field image with particles deposited onto
the substrate, seen as fixed dots. At the same time, freely diffusing particles are seen as
faint and enlarged shadows in the background. Examples traces in (b) show how these
unattached particles affect the measured time trace: For the duration of the diffusion time
through the measured area, the signal increases. The resulting rapid increase and fall of
intensity in the time trace is also an isolated event. This is because the diffusor is moving
away by statistical, Brownian motion. In this particular measurement, the signal increase

M The possible difference may lie in the pre-treatment process. In the case of Parafilm®, heat (several seconds at

90-120°C on a heat plate, applied evenly across the coverslip) is used to promote adhesion. This is not the case for the
double-sided tape. Temperature may play a role by altering the surface, e.g. by evaporating the polymer and depositing
it elsewhere on the glass.
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is in the range of 10%. It is important to note that here, the signal increases because the
scattered light of the diffusor is collected in addition to the measured particle. Depending
on such factors as the scattering strength of the diffusor and the distance from the focus,
the collected total intensity can be less or more than what is displayed in (b).
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Figure V-9. Effects of freely diffusing particles on a time trace. (a) Dark-field real color image of deposited
patticles and some freely diffusing ones (marked with white arrows). Scalebar: 50 pm. (b) Two example
time traces of a measurement with freely diffusing particles.

Overall, this example shows that an impurity or in this case a freely diffusing particle
can affect the measured time series if it reaches the area where the light of a particle is
collected for the time trace. The intensity change caused by this event can be in the range
expected for events related to the plasmon coupling. However, diffusion events are rare
and isolated. Because they are propelled by Brownian motion, they do not yield a discrete
step-like intensity change pattern. As such I exclude them from the possible explanations
of the protein-like time traces.

3.3. Plasmonic coupling is a significant factor

The third theory attempting to explain the step-like patterns in time traces is the
presence of plasmonic coupling. Here I show experimental evidence suggesting that this
is one of the major contributing factors.

As previously mentioned, this theory assumes that nonspecifically assembled
constructs (e.g. dimers or higher order assemblies) are present in the particle batches. To
prove if such nonspecific constructs indeed cause the characteristic multi-step patterns, I
used the previously discovered carboxy-PEG samples containing nonspecifically
attached, higher order constructs (see chapter 4). From this mixture, I collected the
dimers™™"
particle dark-field experiment. I first characterized the construct type distribution (Figure

using gel electrophoresis as a cleaning method and characterized it in a single-

V-10a) by differentiating remaining monomers from dimers by the means of a

Y The collection method is based on extraction of the particles from the gel. As seen in the statistics, this is not a

clean method, leading to a collection of monomers and dimers together. The main cause may be due to crowding and
retardation effects in the gel. Additionally, the dimers may also separate with time.
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polarization measurement. This separation is done on the basis of the geometry-
dependent plasmon resonance. Briefly, the measurement separates spherical constructs
that show no polarization dependance in their scattering intensity from non-spherical
ones. Egg-shaped and rod-shaped particles are an example, as is the particle dimer. The
latter examples show a polarization-dependent scattering intensity that differentiates
them from ideal spheres.

This measurement shows a splitting of the construct population into two groups (b). I
used the minimum between these two populations as a reasonable threshold to split the
monomers from the dimers. From a total of 362 observed constructs, 37% are assigned
as dimers (b).""

I then recorded time traces of these constructs to compare the statistical occurrence of
the step-like time trace patterns to the 1% observed in the PEG particles at the beginning
of this chapter. In the dimer-rich measurement, 14% of constructs showed a characteristic
step-like fluctuation. The sample fluctuation statistics are shown in Figure V-10c. In an
independently repeated experiment with a new batch of constructs, a similar percentage
of fluctuating traces (14%, 44 out of 315 measured time traces) was seen.
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Figure V-10. Identification and statistics of a dimer-rich sample. (a) Identification of particle type by the
polatization modulation index (PMI). The plasmon scattered light of an ideally spherical particle is
independent of the polatization angle. A non-isotropic shape, such as an egg or a rod (and similatly a
coupled particle dimer) shows a dependance due to its geometry-dependent plasmon resonance. The
depth between the maximum and minimum of the normalized intensity is called the polarization
modulation index (PMI). (b) A disttibution of PMIs in a sample. The groups (monomers and dimers) are
separated by the fit (red), with the minimum taken as a threshold value. (c) Statistics of a dimer-rich
sample, with highlighted amount of fluctuating time traces.

The previously recorded time trace types (two-state, multi-state and chaotic) could also
be found in these measurements. Examples are shown in Figure V-11, displaying a two-
state pattern that is similar to an expected protein time trace, a multiple state time trace
and a more chaotic one.

Iviii .. . . . . .
U This is an approximate number, because the polarization measurement cannot differentiate between less

spherical single particles and dimers. However, since there are two clear populations seen in the distribution, this is
seen as a reasonable approximation.
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Figure V-11. Time trace examples as measured in the dimer-rich sample. (a) A two-state time trace. (b) a multiple
state time trace. (b) A time trace with a more chaotic pattern and variable intensity fluctuation.

Due to the reproducible increase in fluctuating, step-like traces in the dimer-rich
sample, the nonspecifically formed dimers are a key contributing factor to the observed
patterns.

Two remaining questions are how particles connected only by a polymer can produce
(1) a signal range starting from 2-10% and higher and (2) how the discrete step-like
patterns come to be.

The intensity range goes back to the interparticle distance, as shown in chapter 2. It
depends on many factors, such as the position of the LED and polymer dynamics. Thus,
many assumptions are necessary to relate the measured intensity in this experiment to
theory. Deriving information on the assembly (e.g. the specific interparticle distance and
the distance change) is therefore complicated.

From the group’s experience with intensity measurements and previous experiments
with PEG dimers® and Hsp90 linked dimers®, we know that the signal amplitude is
expected in the range of 10% for such assemblies. The signal intensity variation comes
from the heterogeneity of the particle sizes in a sample and the heterogeneity of the
polymer’s length (compare Figure V-8).

The patterns observed additionally support a variation in how the constructs are
moving. Out of all time trace patterns, chaotic ones are the easiest to explain. In this case,
particles must be loosely attached and fluctuate similar to a Brownian motion. Two-step
time trace patterns suggest a motion between two specific interparticle distances, and
multiple-step patterns mean more. Figure V-4 shows different possibilities, assuming that
in these cases particles may be connected in a polymer layer constellation that promotes
directional movement. The random nature of the polymer supports this theory,
explaining why not all time traces look the same.
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4. Conclusion

In conclusion, theoretical and experimental data show that particle-substrate
interactions and unwanted nonspecific constructs in the particle batches are responsible
for the artifact time traces.

Weak particle-to-glass attachment occurs under the buffer conditions used for the
plasmon ruler experiment. Additionally, variations in the pre-treatment of the bare glass
show that the unprotected substrate is liable to charging effects. This introduces a
potential source of variation in sticking strength and noise to the time traces. For future
measurements it is better to work with pre-passivated substrate with covalently attached
particles for overall better control over attachment and suppression of nonstatistical
noise.

Additionally, control measurements reveal that PEG-functionalized particles contain
unwanted, nonspecifically attached dimers and higher order constructs. These dimers are
are responsible for time traces with chaotic and discrete step-like patterns. The exact
mechanistical origin of these time traces is not understood. However, the PEG
functionalization must play a role in it. To avoid artifacts in future measurements, it is
reasonable to avoid PEG functionalization, where such nonspecific constructs are found.
All together, the observations show that it is safer to go for a more rigid and homogenous
particle functionalization, for example with defined thiol-alkanes and DNA attachments,
as suggested in the previous chapter.
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VI.CONCLUSION

Plasmon rulers are a helpful tool in the portfolio of single-molecule studies. In a proof-
concept study, our group has previously shown that protein motion can be recorded over
an unprecedented time frame of 24 h, with an improved signal-to-noise ratio as compared
to a single-molecule FRET experiment.” To improve this method’s robustness and yield,
I investigated the plasmon ruler dimer assembly, found the key challenges and addressed
them in this work.

(1) Hsp90 plasmon ruler assembly is theoretically possible under the
experimental state-of-the-art conditions.

In chapter 2, I provided a theoretical study to understand the physical constraints of
the dimer assembly. I did this to provide trends to serve as a guide, and to review if the
state-of-the-art assembly protocol fulfills the necessary criteria. I observed the factors
signal strength, colloidal stability, the state of interparticle interactions and assembly
kinetics.

For the signal strength, I used MNPBEM simulations to predict signal trends
depending on particle size and interparticle distance. The simulations predicted a growing
signal for bigger particle sizes. For the state-of-the-art dimer, I showed that the
measurement of the protein motion is possible with the previous, theoretically assumed
interparticle distance of 18-23 nm.

Although bigger particles are preferable, I observed in the next part that growing van
der Waals attraction between the particles limits the upper particle size to up to 50-55 nm.
At this distance, the plasmon coupling signal and colloidal stability are reasonably
balanced under the functionalization conditions given in the dimer assembly protocol.
The requirement for this is a sufficient steric stabilization by an appropriate particle
functionalization thickness.

Lastly, I revised the assembly kinetics and found that assembly reaction is expected to
happen on a second-to-minute time scale, despite the lower diffusion of the 50-55 nm
particles in solution. Because the diffusion and reaction conditions in the assembly
experiment are fixed, the factor that governs the assembly time within this theoretical
observation is the reactivity of the particles.

Thus, I concluded that the dimer assembly should happen successfully. However,
because the state-of-the-art dimer assembly fails, there must be a discrepancy between
theoretical assumptions and reality, which I investigated in the following chapters.
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(2) Discrepancies between theoretical assumptions and reality lead to
complications for assembly.

To understand why the state-of-the-art dimer assembly does not give the necessary
yield despite the theory, I revised the theoretical assumptions such as the interparticle
distance and colloidal stability in chapter 3. For this, I compared the previous theoretical
assumptions with experimental data. I measured the polymer functionalization thickness
and studied its stability under experimental conditions.

This uncovered discrepancies between previous assumptions and reality: First, the
measured polymer length for the amino-PEG used for coupling was bigger than
theoretically assumed for the state-of-the-art polymer, leading to a larger interparticle
distance and a lower expected plasmon coupling. Second, the measured layer thickness
of the methoxy-PEG used as a main component for colloidal stability is smaller than
desired according to the calculations in chapter 2. Third, I uncovered a complication
arising from the use of polymers with non-neutral end groups. These end groups lowered
the colloidal stability of particles when their fraction exceeded a critical number, which I
attributed to the lowered grafting density of the functionalization. This supplementary
knowledge served as a basis to further explore alternatives to the current functionalization
protocol.

To improve the current protocol and overcome the stability problem, I addressed the
grafting density challenge. With alternatives in mind, I did this both for the current PEG-
based strategy and a DNA-based strategy. For PEG, I showed that thickening of the
polymer layer is possible but insufficient to solve the problem arising from the reactive
end group. For DNA, I uncovered that grafting density is similarly a challenge, and
proposed one strategy to overcome it. This improved assembly results, which I
documented in chapter 4.

In summary, my investigation in this chapter showed that theoretical assumptions are
not sufficient to reliably ensure sufficient plasmon coupling and colloidal stability, and
that the polymer functionalization is a critical factor playing a central role in the dimer
assembly.

(3) Reactivity is the main factor responsible for successful assembly.

The assembly is a complex structure, and is made of more than just the particles. To
determine the key component responsible for assembly success or failure, I observed
factors such as: (1) The role of the protein, (2) the theory of the protein being blocked
due to a both-end reaction to the same particle and (3) the assembly failing due to a low
chemical reactivity.

In chapter 4, I developed an assembly screening procedure that allowed me to test
these theories. The result of the screening proved irrelevance of points (1) and (2) and
highlighted the important role of the chemical reactivity. This was a key result that helped
narrow down the optimization efforts to particle quality and reactivity.

I found that DNA-DNA hybridization surpasses the previously used maleimide
chemistry. An additional strong point is the flexibility introduced by the DNA in terms
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of the tunable strand length and resulting interparticle distance, as well as homogeneity
of a DNA functionalization as compared to PEG. Focusing on this functionalization and
taking the results from chapter 3 in to view, I showed that improvement in particle quality
through additional passivation increases assembly success for the DNA-based method.
The particles displayed better stability in protein buffers and dimer constructs formed in
a batch synthesis could be discerned in a gel electrophoresis method for further studies.

With this I provided a guide for a faster and more robust assembly. Additionally, I
showed that better particle quality improves characterization and helps to successfully
separate and enrich the dimerized sample. All of the above points are important for better
control and statistics in the plasmon ruler measurement.

(4) Characterization of the unknown signal as an artifact highlights the
importance of substrate passivation and particle quality.
P p p q y

In the last chapter, I expanded the knowledge on the previously observed, novel time-
traces in the work of Bastian Flietel.”” Originally, the multi-state time traces were
discovered during his batch synthesis of Hsp90 dimers. As I continued his work, I
performed complementary control measurements. In this context, I found similar time
traces in control measurements without the protein, suggesting their artifact nature. Upon
further study, I could narrow down the sources of the artifacts. The first source is the
weak binding of the particles to the bare glass substrate as used in the batch synthesis
protocol. The second source is the occurrence of nonspecifically attached dimers and
higher order constructs. With my experiments I showed that these constructs are
responsible for the occurrence of the curious multi-state and other time traces that
resemble the protein motion. As a result, I recommended to use a passivated substrate
and to attach particles covalently for noise reduction. Additionally, I suggested to use a
non-PEG based functionalization to avoid the nonspecific constructs occurring in these
particle batches. Following both suggestions, the future plasmon ruler measurements will
be more robust and reproducible.

A summary of contributions to the plasmon ruler method:

To summarize, my work contributed to the understanding of key assembly features
that require attention for a controlled assembly and reliable measurement. Before my
work, there existed many theories regarding assembly failure and improvement. Many
strategies could potentially address the hitherto unknown problems, requiring effort that
may or may not yield results. I found a direction in this sea of possibilities. With the
recommendations and knowledge gained, the plasmon assembly gains robustness and
yield. These key points will help the single-molecule community by increasing the long-
term protein dynamic data, reveal heterogeneity in protein populations and expand the
experimental possibilities with multiplexed measurements. In particular, this will help
expand our knowledge on the topics of ergodicity and memory effects,' both of which
require long-term single-protein study.
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A.APPENDIX: THEORETICAL
ESSENTIALS

1. Plasmon Coupling: The Simulation.

The simulations were performed using the MNPBEM toolbox (version 2017).* In this
toolbox, a particle is approximated as an object made out of discrete elements. One
important variable that determines the final resolution of this shape is the number of
vertices. The more vertices are used for approximation, the closer does the object
resemble an ideal sphere. For each face resulting from this approximation, the toolbox
solves the Maxwell equations. The simulation therefore becomes more accurate with
higher numbers of vertices. At the same time, the scattering cross section takes longer to
calculate.

1.1.The balance between vertices number, accuracy and previously
obtained data.

The toolbox provides fixed values for the numbers of vertices to choose from.
Previously in this group, the value of 625 vertices has been used to simulate spectra. To
get a feeling for the quality of the simulated data obtained with this number of vertices, a
particle dimer simulation was performed for two particle sizes of 30 and 60 nm at a
minimal relevant distance of 8 nm. This represents the absolute minimal interparticle
distance, given by the Hsp90 protein size in its closed state. The smaller the interparticle
distance is, the higher is the required resolution. It is therefore important to test the
simulation at the smallest relevant interparticle distance.

This test was done for a number of vertices ranging from 144 to 1444. The following
figures show the progression of simulated spectra for a dimer for 30 and 60 nm particles.
The progress of the resonance wavelength and maximal scattering cross section is fitted
with an exponential function, and its limit is taken as the “true” value. For all three particle
sizes, the values produced by a simulation using the number of vertices=625 lie in the
range of 1% deviation from this “true” value. The plots in (d) show that the chosen
number of vertices has a different variation from the “true” value, with the result being
closer for the smaller 30 nm particle dimer. The value for the bigger 60 nm dimer pair
still fits the criterium, but is already at the edge.
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Within the scope of this work, this deviation from the “true” value is accepted as
sufficient. To keep the simulation results comparable to previous works in our group, the
number of vertices was fixed at 625 for all simulated data.
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Figure A-1. Simulated particle dimer scattering cross sections for a 30 nm particle dimer at a distance of 8 nm.
(a) All simulated spectra ranging from 144-1444 number of vertices. (b) A closeup of (a), with the
simulated cross section at the number of vertices=625 marked in black. The resonance position is matrked
with crosses. (c) Resonance positions form a-b) recorded from each spectrum obtained at a different
number of vertices. Red line marks a deviation of 1% from the “true” value. The value at number of
vertices=0625 is marked with a black circle. (d) The maximal scattering cross section from a-b), with a fit
(blue line) to obtain the “true” maximal value. Red lines mark this value, as well as the lower boundary at
a 1% deviation from it. The scattering cross section obtained at a number of vertices=0625 is marked with
a black circle. Data obtained with bemsolver.
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Figure A-2. Simulated particle dimer scattering cross sections for a 60 nm particle dimer at a distance of 8 nm.
(a) All simulated spectra ranging from 144-1444 number of vertices. (b) A closeup of (a), with the
simulated cross section at the number of vertices=625 marked in black. The resonance position is marked
with crosses. (c) Resonance positions form a-b) recorded from each spectrum obtained at a different
number of vertices. Red line marks a deviation of 1% from the “true” value. The value at number of
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vertices=0625 is marked with a black circle. (d) The maximal scattering cross section from a-b), with a fit
(blue line) to obtain the “true” maximal value. Red lines mark this value, as well as the lower boundary at
a 1% deviation from it. The scattering cross section obtained at a number of vertices=625 is marked with
a black circle. Data obtained with bemsolver.

1.2. Conditions for the simulation of particle dimers.

Simulations were done for single particles and particle pairs that mimicked the dimer
(Figure A-3). For the medium, n=1.33 was chosen, corresponding to the experimentally
determined refractive index of the HEPES buffer (50 mM KCI). The light is falling at an
angle of 30°, mimicking the dark-field illumination produced by the Zeiss ultracondenser.
This angle was assumed with the NA of the condenser (1.2-1.4), using the average value
of 1.3 and the relationship NA = n - sina. The polatization was chosen in the x/z
direction for the excitation of the coupled plasmon mod

it n (medium) = 1.33

~ @

} distance

€1 nm

glass n=1.5

Figure A-3. Sketch of a simulated dimer. The dimer is standing on glass (grey shaded area), and the interparticle
distance is varied by moving the top particle in the z-direction. Black arrow indicates the light, which is
falling at an angle of 30°. The refractive index of the medium is 1.33, corresponding to the measured
value for the protein buffer (HEPES 7.4, 50 mM KCI).

The simulation has to describe the experiment without relying too much on (often not
well known) experimental conditions. For this reason, the particles were simulated
without the extra polymer layer on top of the particles, but with the glass substrate. The
effect of the glass substrate is of special note, and is recorded in the following section.

1.3. Resolution and fit.

Each spectrum was simulated in steps of 1 nm for the interparticle distance. The
resulting data was first fitted with a double Lorentz function. This is shown Figure A-4.
In a first approximation, this fit is sufficient at describing the data.
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Figure A-4. Simulated scattering cross section data for a 50 nm dimer at a distance of 23 nm. Circles represent
the simulated data points, the red line the double Lorentz fit and the other two lines (blue+pink) show
the two Lorentz fits.

However, we noticed that this fit produced artifacts in the data evaluation step. This is
because the fit does not describe the data as well, with the error depending on the form
of the spectrum. This was especially critical for extraction of intensity data on the right-
side shoulder of the spectrum.

To avoid discrepancies in further data analysis, the data was instead interpolated with
a spline function. Figure A-5 shows this using the example of a 50 nm particle dimer. The
fit was used to extract the resonance position as well as the scattering values at given
wavelengths.

J

400 500 600 700
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Figure A-5. Example spectra with highlighted individual data points and the spline function. The spectra
depict a 50 nm particle dimer at a distance of 18 (red) and 23 (pale red), representing the state-of-the-art
protein dimer. The line represents the interpolation with a spline.

1.4. Practical hints for simulation with the MNPBEM toolbox: the role
of the solvers and discrepancies in certain simulated cases

This section contains practical notes for simulating different cases with the toolbox,
especially regarding the “solvers”.

The toolbox has various algorithms to solve the Maxwell equations for each boundary
element face. The procedure used to implement a specific algotithm is named “solver”.**
The toolbox provides a standard call for the solver (called “bemsolver”). The various
options determine which solver algorithm (from a range of possible algorithms) will be

used. For the user, it is not obvious which algorithm the toolbox selects. This depends
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on parameters, e.g. whether a single particle or a dimer is simulated, and whether there is
a substrate present. Alternatively, user can call the solver with a specific algorithm. There
are two possibilities for the user: to choose “bemret” or “bemretlayer”.

During the processing of simulations, we have noticed discrepancies when using
“bemsolver”. This is because this solver picks different algorithms depending on starting
simulation parameters (e.g. particle type and substrate). This decision cannot be
influenced by the user. The resulting discrepancies affected specific simulation cases,
which I report on in the following section for future reference.

The final simulated data used for the extraction of sensitivity were all produced using
the solver “bemretlayer”. For the case where no additional layer is present (when particles
are simulated in a free state without a substrate), the input for the refractive index was set
to n1=n,. This setting helped to avoid discrepancies shown in the following sections.

1.1.1. Use of bemsolver leads to illogical discrepancies between monomer and
dimer spectrum without substrate.

Here I document a discrepancy found when the bemsolver was used to simulate and
quantitatively compare monomer and dimer spectra. This problem is illustrated in Figure
A-0, for a 30 nm and a bigger 50 nm particle (pair). An unexpected crossing point happens
between the spectra in the right shoulder of the spectrum. From this point and up to
higher wavelengths, the dimer spectrum scattering cross section is counterintuitively
lower than that of the monomer. The effect is also stronger for the smaller particle.
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Figure A-6. Monomer and dimer spectra produced by the bemsolver. (a) Simulated monomer and dimer spectrum
of a 30 nm particle (pair) at a distance of 20 nm. (b) Simulated monomer and dimer spectrum of a 50 nm
patticle (pair) at a distance of 20 nm. Both cases show a crossing point between the dimer and monomer
spectrum (marked with black arrow), which cannot be explained by physical reasons.

1.1.2. The use of bemret solver corrects this discrepancy.

As shown in Figure A-7, the phenomenon of crossing spectra disappears when the
bemret solver is used instead. It is therefore recommended to use the bemret solver when
making quantitative comparisons between monomer and dimer spectra.
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Figure A-7. Monomer and dimer spectra produced by the bemret solver. (a) Simulated monomer and dimer
spectrum of a 30 nm particle (pair) at a distance of 20 nm. (b) Simulated monomer and dimer spectrum
of a 50 nm particle (pair) at a distance of 20 nm. Both cases show a crossing point between the dimer
and monomer spectrum (marked with black arrow), which cannot be explained by physical reasons.

The team’s understanding of this situation is that in the case of bemsolver, the script
operates differently for the cases of monomer and dimer, and that certain options are
chosen by the toolbox without specific user input. These out-of-screen options lead to
different quantitative outcomes for each case.

1.1.3. To compare data with and without a substrate, use “bemretlayer”

Through testing, it was found that the toolbox’s most robust option is the “bemret
with layer”. This option led to consistent and quantitatively comparable spectra both with
and without a substrate. When no substrate was used, the refractive index of the layers
was set to m=m in the options. Figure A-8a-d shows that the use of this option leads to
consistent results for both cases with and without a substrate. No issues as seen with the
use of bemsolver are observed.
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Figure A-8. Spectra obtained for monomers and dimers under different conditions, with the bemret with layer
solver. (a)-(b) 30 nm monomer and dimer spectra at a distance of 20 nm, simulated for the case without
a substrate and with glass. (c)-(d) 50 nm monomer and dimer spectra at a distance of 20 nm, simulated
for the case without a substrate and with glass.

The figures with and without substrate show an important difference: simulated spectra
without a substrate show higher intensities than those with glass. In the next part, I show
how this affects the sensitivity, and why the effect of the substrate should ideally be
accounted for.

1.5. Simulation is good for trend prediction, but not for determination
of absolute values.

Opverall, it is important to note that the simulation is not meant to predict exact
experimental data. One reason for this is the difficulty in representing actual realistic
experimental conditions in the simulation. A lot of factors such as the exact influence of
the additional polymer layer on the particle, as well as on the glass substrate, are simply
not known. Notably, the influence of a present or absent substrate near the dimer is of
particular importance for intensity-based predictions. Figure A-9 shows is by comparing
calculated sensitivities of simulated dimers at a fixed distance (20.5 nm, representing the
average state-of-the-art dimer assembly interparticle distance). Figure (a) shows that
simulated sensitivities for dimers on a glass substrate and without it are in good agreement
with each other. This however is not the case for sensitivity related to intensity. There is
a constant offset, with data with the glass substrate showing a higher sensitivity.
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At present, the exact origin of this is not yet explored. There may be a complex (and
not purely physical) reason for this, for example because of an interplay between the
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Figure A-9. Sensitivity comparison with and without a substrate, at an interparticle distance of 20.5 nm for
particle dimers between 30-60 nm in diameter. (a) Resonance wavelength sensitivity. (c) Relative

Diameter (nm)

intensity sensitivity at the FWHM.

1.6. Compilation of simulated data, with and without substrate.

Below I append simulation data obtained without substrate, which was not shown in

the main part.

Figure A-10. Predicted resonance wavelength shift, without substrate. (a) Resonance position is plotted against
the interparticle distance for dimer pairs varying from 30 to 60 nm in particle diameter. Individual squares
show simulated data, connected by a guide to the eye. Grey lines mark the interparticle distance resulting
from the “open” and “closed” protein conformation in the state-of-the-art Hsp90 dimer. (b) Sensitivity
determined from data in (a), derived by numerical differentiation of the plot in a). Grey line at 20.5 nm
marks the average interparticle distance between the “closed” and “open” conformation of the Hsp90
protein in the state-of-the-art assembly. Inset: Sensitivity value trend at the interparticle distance of 20.5
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Figure A-11. Predicted scattering cross section change at the FWHM. (a) Scattering cross section plotted against
the interparticle distance for dimer pairs varying from 30 to 60 nm in particle diameter. Individual squares
show simulated data, connected by a guide to the eye. Grey line marks the average interparticle distance
resulting from the “open” and “closed” protein conformation in the state-of-the-art Hsp90 dimer. (b)
Sensitivity determined from data in (a), determined by numerical differentiation of the plot in a). Inset:
Sensitivity value trend at the interparticle distance of 20.5 nm, for particle diameters between 30-60 nm.
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Figure A-12. Relative intensity change at the FWHM. (a) Scattering cross section plotted against the interparticle
distance for dimer pairs varying from 30 to 60 nm in particle diameter. Individual squares show simulated
data, connected by a guide to the eye. Grey line marks the average interparticle distance resulting from
the “open” and “closed” protein conformation in the state-of-the-art Hsp90 dimer. (b) Sensitivity
determined from data in (a), determined by numerical differentiation of the plot in a). Inset: Sensitivity
value trend at the interparticle distance of 20.5 nm, for particle diameters between 30-60 nm.
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1.7. Fit data for plots shown in the main section.

Following two tables show fit data for plots in Figure 1I-6 and Figure 1I-8 for
reproduction purposes. Data shown belongs to the simulated series in the presence of a
glass substrate. D stands for the interparticle distance.

a With glass b With glass
Aes/nm = a-exp(-D/b)+off I@FWHM/nm? = a-exp(-D/b)+off
l;:?::: a b off Fa;‘;i;!: @ a b off
30 46.2947 5.4398 535.5452 30 301.2581 7.0614 101.3003
35 60.6943 5.8140 537.2595 35 946.3947 6.8994 252.5962
40 64.9266 7.0216 539.0901 40 2466.7 6.7821 543.2341
45 64.2976 8.9926 | 541.0073 45 53849 6.6908 1019.9
50 63.3487 11.3808 | 543.4843 50 10002 6.6853 1721.0
55 64.1786 12.6729 | 548.1302 55 16495 6.8196 27204
60 67.0188 12.8425 | 554.1190 60 24728 7.0740 4074.2

Figure A-13. Fit data for plots shown in the main section. (a) Exponential fit data for resonance wavelength
dependance on the edge-to-edge dimer distance D, with substrate. (b) Exponential fit data for absolute
intensity dependance on the dimer distance, with substrate.

a Without substrate b Witout substrate
Ares/Nm = a-exp(-Dfb)+off I@FWHM/nm? = a-exp(-D/b)+off
Par(tr:::rls ? a b off Pa';:‘:: ¢ a b off
30 421123 5.5795 534.3895 30 711.8348 6.6305 259.0250
35 59.1002 5.6890 535.9280 35 2256.8 6.5951 655.5923
40 66.7133 6.6026 537.5797 40 5983.2 6.5679 1436.9
45 67.6816 8.2765 539.2168 45 13460 6.5322 27629
50 66.8002 10.7302 | 540.7864 50 25627 6.5029 4698.7
55 66.9449 13.3511 | 543.0673 55 42892 6.5965 74426
60 69.0715 14.2522 4.8464 60 64909 6.8021 11156

Figure A-14. Fit data for plots without substrate. (a) Exponential fit data for resonance wavelength dependance on
the edge-to-edge dimer distance D, without substrate. (b) Exponential fit data for absolute intensity
change dependance on the dimer distance, without substrate.

The following two tables show fit data for the relative intensity exponential fits.

a Without substrate b With glass
Al @FWHM/% = a-exp(-D/b)+off Mooy @FWHM/% = a-exp(-D/b)+off
Pa';:':: @ a b off Pan::;:rl:)a @ a b off
30 3.4778 0.1530 -0.2164 30 3.5177 0.1629 -0.2551
35 2.6045 76329 -0.1943 35 2.6834 8.2986 -0.2427
40 3.0495 7.5993 -0.2244 40 3.1678 8.0798 -0.2696
45 3.4508 7.5903 -0.2521 45 3.5963 7.9431 -0.2938
50 3.7890 7.5690 -0.2745 50 39138 7.8764 -03131
55 3.9615 76433 -0.2931 55 4.0156 8.0126 -03321
60 3.9291 7.8862 -0.3108 60 3.9306 8.3244 -0.3510

Figure A-15. Relative intensity with and without substrate. (a)-(b) Exponential fit data for relative intensity change
dependance on the dimer distance, without and with substrate.
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2. The interaction potential.

The following section summarizes all supplementary material related to the calculation
of the interaction potential.

2.1. The contribution of the polymer layer to the vdW interaction is
complicated.

Calculating the vdW attraction for a spherical gold particle is simple, because the
average radius of the particle is known and the particle itself is uniform in terms of
material. However, literature offers mixed treatments of the polymer layer on top, which
theoretically should be expected to also contribute to the attractive vdW interaction.
Assumptions are made, for example about the polymer density and volume fractions, as
well as how the interaction is calculated in the first place.

For example, Zimbé et al.”

have shown that for two gold particles covered by PEG,
the vdW attraction becomes significant only at separations below 1-2 nm between the
PEG layers, and for PEG volume fractions of 0.3-0.5 or higher. Their assumption is
mainly based on volume fractions of PEG. On the other hand, Aboudzadeh et al."* have
attempted a more complex model that accounts for additional interactions, such as that

of the PEG layer with the gold.

To get a feeling for the range of attraction caused by PEG, I compared the vdW
attraction between two 50 nm gold spheres with that caused by a 4 nm polymer layer on
each. For the Hamaker constants, I used 2.5-10™" ] for the gold/water/gold and 3.7-10* ]
for the PEG/water/PEG system'”. T approximated the polymer shell as having a
thickness of 4 nm, for a 2000 g/mol PEG with 45 repeating units.

15
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Figure A-16. Sketch of vdW interactions for two 50 nm gold spheres covered by a PEG polymer layer. The
vdW interaction potential of the gold spheres is shown with an offset that equals the polymer layers. The
starting distance D begins where the polymer layers touch. Arrow shows the distance where the
contribution of the gold-gold interaction (red) becomes negligible due to the polymer spacer. Green line
shows the calculated PEG-PEG vdW interaction. According to this example, the interaction falls below
the thermal energy (1 £g7T) at a distance as long as about 6 nm. The attraction becomes stronger at lower
separation, suggesting that the particles should aggregate.
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The sketch showcases the following: The polymer serves as a spacer that separates the
gold particles until their vdW attraction becomes negligible. For better visualization of
the vdW potential location, I show an example where the polymer layer is not yet thick
enough to separate the gold spheres sufficiently: Ideally, the potential of the gold spheres
would be around -1 4&s7T at the distance D=0 nm. Here, it is still at about -5 &sT. This
means the particles still experience each other’s attraction at a distance larger than their
polymer shell.)

However, a second, more important point becomes apparent: the vdW attraction of
the polymer shells grows rapidly at a distance of several nanometers between the polymer
layers. The particles should therefore stick before the steric and entropic repulsion has
the chance to stabilize them. More on this follows in the next section.

2.2. The “true” starting point of the vdW interaction between polymer
layers is not known.

The previous, right estimation shows that the vdW interaction of the polymer layer
exists and is not negligible. The following problem arises: according to the model, the
vdW interaction becomes, per definition, infinitely strong at a distance of several
nanometers. At the same time, the entropic and steric repulsion begin only when the
polymer shells begin to overlap. Mathematically, this would suggest that particles should
stick to each other, because there is a strong attraction present that is not cancelled out
by repulsion. However, experimental evidence shows that this is not so. Particles covered
by a sufficiently thick PEG layer do not stick to each other in solution.

This observation hints at an issue in the model in use. There is, for example, one factor
that is presently not included: This is the fact that the vdW interaction is also dependent
on the surface roughness, which is entirely neglected.” Figure A-17 illustrates the
difference between the simplified model and the more realistic case of a “rough” polymer
shell. It shows how the “effective” interparticle distance grows with roughness. This
influences the starting point of the vdW interaction.

a E _ Smooth polymersphere model:
—Distance
vawy

b Reality: polymer shell is ,,rough”
e
%
-
2t

ig— ,Effective” interparticle distance starts here

Figure A-17. Sketch of the effect of surface roughness on the vdW interaction. (a) In the simple model, the
polymer layer is approximated as a smooth shell, with a vdW interaction starting distance at the edge of
this shell. (b) In reality, polymer shells are not smooth. This means that the realistic, “effective”
interparticle distance is bigger.
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This complicates the calculation, because the effective interparticle distance would

% show, it is well

depend on factors such as polymer density and length. As Lee et al.
possible to make assumptions and calculate values. However, since the experimental
evidence shows that the polymer shells do not aggregate due to their own vdW attraction,
it is sufficient, for the questions treated in this thesis, to simply acknowledge this fact.
The polymer fulfills its primary role as a spacer that makes the vdW interaction of gold

particles negligible.

2.3. Calculation of the Coulomb potential for two spherical gold
particles.

Following formula is derived for two particles at a variable distance D with a radius

and a Debye length k™.

TZ
ECoulomb (D) = (;) Ze"P
Z is the interaction constant, and is calculated as follows:

Z = 64mege (%)2 tanh? (%:;)

The formula includes the permittivity of the vacuum, &=8.854:10"* F/m, the dielectric
constant of the medium ¢ (water in this case, with £=80 at 20°C), elemental charge e,

valence of ions g, the concentration of the electrolyte ¢4, and the surface potential ¥,,.

The surface potential is determined using the surface charge density o. The surface
charge density is derived from the experimentally measurable {-potential of the particle
sample.

The interaction constant is calculated using is the surface potential of the particle ¥,.
Y, is determined from the surface charge density o, which is derived from the
experimentally measurable {-potential of a particle sample.

2kgT . _ a
Y, ="t sinh™! [—]
ze (8RTegeco,) /2

_ goekgT [ . ( {ze ) 4 ( {ze )]
. kK 2 sinh T + = tanh 2T

(ks T=4.11-107' ] ; R=8.314 J /(K-mol))

1.1.4. The relevance of the particle size to the calculation of the electrostatic
repulsion is neglectable.

Since the particle radius is a variable that also plays a role in the total calculation, I
varied it for the sake of a complete picture Figure A-18 shows that its contribution to the
electrostatic potential is neglectable compared to the contribution to the vdW attraction.
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Figure A-18. Particle size leads to no significant difference at high salt conditions. (a) Electrostatic repulsion
calculated for a 40-50-60 nm pair of particles, with a hypothetical {-potential of 10 mV in the 150 mM
KCl buffer (blue lines). Respective vdW potential is shown in green. (b) The total sum of both potentials.

1.1.5. The starting distance for the vdW potential is different from that of the
electrostatic potential.

One problem that arises when weighing the vdW attraction against electrostatic
repulsion is the starting distance. This problem is known in literature”®>” and is
sometimes referred to as the issue of the definition of the “plane of origin”. For simplicity,
this thesis assumes that the starting point for both the vdW and electrostatic potentials is
the same. This is however not true in reality. An additional complication is that I calculate
the potentials while foregoing the polymer layer to keep the calculation simple. The only
exception is when the steric repulsion produced by the polymer layer is taken into
account.

For the case of the high salt protein buffer, this problem can be safely neglected, as the
contribution of the electrostatic repulsion is small enough. However, when considering
other buffers or assembly conditions, this issue should be taken into account.

To get a feeling for the error caused by the neglection of the polymer, I did the
calculation of the electrostatic potential for a 50 nm particle with a {-potential=10 mV,
with and without the polymer taken into account for the starting distance. I chose the
high salt HEPES buffer with 150 mM KCI. Unsurprisingly, the potential curves in Figure
A-19 show barely any difference between the two under the conditions of the strong ionic
buffer.

a 15 b 15
—r=particle

100 .. r=particlet+polymer 10

5 5
= I

=0 =0
= Wy

-5 ®

0 -10

5 -15

0 10 20 30 40 0 1 2 3 4 5
D () D (nm)

Figure A-19. Electrostatic potential for a 50 nm particle. (a) Potential shown with and without taking the polymer
layer into account. (b) A closeup of the potential curve in (a).
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3. Assembly kinetics: How to calculate the average interparticle
distance.

To convert a concentration € into the average center-to-center interparticle distance,
we first need to calculate the number of particles per cubic meter, IN:

cNy
1073

N = [particles/m3]

c: concentration
Na: Avogadro number (6.022-10 particles/mol)
Factor 10?: conversion factor from L to m®

Next, we assume that the cubic space is filled up filled with particles at the same
distance to all their neighbors. The center-to-center distance 7 is found by taking the cube
root of the number of particles per cubic meter, IN:

TOZW

Figure A-20 illustrates the distance dependance for a concentration range from 0.1 nM
to 1 mM. Note that for particles specifically, the center-to-center distance should be
corrected to edge-to-edge distance by adding the particle radius to the average distance.

3000 m r m

— 2500

=
2000

1500

1000

Average center-to-
center distance (nm
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0 - el
10° 107 10° 10
Concentration (M)

Figure A-20. Conversion of concentration to average distance.

163






Appendix B

B. APPENDIX: PARTICLE
FUNCTIONALIZATION

1. Chemicals

Nanoparticles

50-60 nm CTAC particles were made according to protocol listed below.

40 and 60 nm citrate capped particles were purchased from sigma aldrich: 40 nm (OD=1,
¢=0.12 nM, 741981-100ML, #MCKMO0274), 60 nm (OD=1, ¢=0.03 nM, 742015-100ML,
#MCKQ7314).

PEGs

Following PEGs wete purchased from Iris Biotech: methoxy-PEG-thiol 2000 g/mol,
5000 g/mol; amino-PEG-thiol, 3000 g/mol; dithiol-PEG-thiol, 2000 g/mol, dithiol-
PEG-thiol, 3000 g/mol, dithiol-PEG-thiol, 6000 g/mol; carboxy-PEG-thiol, 3000 g/mol
amino-PEG-thiol, 2000 g/mol; methoxy-PEGs-thiol; methoxy-PEGe-thiol; diamino-
PEG-thiol, 2000 g/mol, 3000 g/mol were purchased from sigma aldrich.
biotin-PEG-thiol, 2000 g/mol was putrchased from Biopharma PEG Scientific Inc.

DNA

DNA was purchased from biomers.net.

cgactcgetggtetggttgaacgtcageectgec(tttttt); 3": Thiol C3 (internal codename: DNA3long)
ggcaggectgacgttcaaccagaccagegagteg(tttttt); 3": Thiol C3 (internal codename: DNA4long)
ctgtctataatgacg(tttttt); 3" Thiol C3 (internal codename: DN ATshort)

Other
Deionized water (>18 MQ), from a Millipore Q-Pod.
CTAC (hexadecyltrimethylammonium chloride) >98%, sigma aldrich

Tween20 (polyoxyethylenesorbitan monolaurate), sigma aldrich
DMSO (dimethylsilfoxide) 99.7%, Acros Chemicals

SMCC  (Succinimidyl = 4-(N-maleimidomethyl)cyclohexane-1-carboxylate), thermo
scientific

TCEP (tris(2-carboxyethyl)phosphine), Merck

HAuCl, sigmal aldrich

L(+) ascorbic acid, AppliChem
NaBH4 >99%, sigma aldrich
NaOH 1N, Roth

BSA, >98%, sigmaaldrich
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Streptavidin from Streptomyces avidinii
Mono-Streptavidin

NaCl, >99.5% Fisher Scientific

KCl, >99%, sigmaaldrich

MgCl,, 98%, sigmaaldrich

Na,SOq4, >99%, sigmaaldrich

K804, >99%, sigmaaldrich

Hsp90 protein

Hsp90 protein was kindly provided by the group of Thorsten Hugel, University of
Freiburg. The full exprimation and purification protocol is listed in reference.”

2. Particle synthesis, 50-65 nm spheres.

This synthesis typically gives particles between 50-65 nm, with exceptions sometimes

giving larger sizes. Synthesis is performed as in references.”"'

At the start, all glassware is cleaned with aqua regia (HCI 37%, 60 mL + HNO; 65%
20 mL, mix carefullyl). Glassware is then cleaned with milliQ) water for synthesis and dried
overnight.

Prepare chemicals:

HAuCl, 50 mM
CTAC 100 mM
CTAC 25 mM NaBH, 20 mM, then dilute 1:10 (100 pL dulited in 900 pL ice-cold milliQ

water)
Ascorbic acid 100 mM, 1 mL

Step 1, seeds: Prepare a 20 mL glas vial with a teflon stirring bar. Add 1 mL 100 mM
CTAC under stirring, then add 10 p. HAuCls. Solution turns light yellow. Quickly and
under vigorous stirring add 40 pl. NaBH4. Solution turns light brown. Turn off the
stirring and leave at rest for 5 min. Then add 9 mL. 100 mM CTAC.

Step 2, 10 nm seeds: Put in 5 mL 25 mM CTAC a 20 mL glass vial. Ass 450 uL. of
seeds prepared in step 1 and stir. Under stirring, add 20 pL. ascorbic acid. Then under
vigorous stirring add 25 pl. HAuCls. Leave at rest for 10 min at room temperature.
Measure UV-Vis ensemble spectrum. The resonance peak should be around 520 nm.

Growth: Prepare a 200 mL glass beaker. Put in 100 mL 25 mM CTAC and 250 pLL
seeds from step 2. Stir. Add 400 pLL ascorbic acid under vigorous stirring. Then, under
vigorous stirring, add 500 uL 0.05 HAuCls. Leave solution at rest for 1 h at room
temperature. (The longer you wait, the bigger will the particles become.) Measure UV-Vis
spectrum. The resonance peak should be around 552 nm.
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Oxidative etching: To the growth solution, add 100 pl. NaClO solution under
vigorous stirring. Stir for 30 s. After 5 min add 20 uL. HAuCl.. Leave to rest at 30°C for
45 min. UV-Vis resonance peak should be around 533 nm.

Cleaning: Particle solution is split in three tubes and centrifuged at 10230 rcf for
15 min. The supernatant is removed and replaced with 30 mL 25 mM CTAC. This step
is repeated 2 times. After last cleaning step, the particles are filled up to 30 mL with
25 mM CTAC.

Characterization in TEM: 500 uL of the original particle solution are centrifuged for
4 min. The supernatant is removed and replaced with 100 pLL milliQQ water. This step is
repeated. 10 pL of this solution are dropped onto a TEM grid and dried overnight.

Following figure shows example images of particles obtained with this method.

Figure B-1. TEM images of a sample of 55.0£2.7 nm particles. The values are obtained from a total of 132
particles.

Figure B-2. TEM images of a sample of 54.412.3 nm particles. The values are obtained from a total of 250
particles.
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3. Particle functionalization with PEG

The commonly used particle stocks have particles ranging between 50-60 nm in
diameter, at a concentration between ¢=0.08-0.15 nM.

300 uL of original particle stick is diluted with 700 uL. milliQQ water and centrifuged at
10230 rcf for 8 min. The supernatant is removed and the pellet left. 200 M thiol-capped
PEG solutions with respective end groups are prepared. The PEG solutions are mixed at
corresponding ratios, e.g. 5 pL. amino-PEG (3000 g/mol) with 45 uL. methoxy-PEG
(2000 g/mol) for a 10% amino-PEG patticle batch. Next the PEG solution is diluted
either with 50 pL. milliQQ water (for functionalization without salt) or with 100 mM
potassium sulfate or sodium sulfate. The final solution contains 100 uM PEG and 50 mM
salt. Into this mixture, the nanoparticle pellet is dropped and quickly mixed. Ultrasound
until particles are redispersed. The solution is left to stand overnight, typically for at least
12 h. Next day, the particles are cleaned by centrifugation. For this, the batch is
centrifuged at 10230 rcf for 3 min. The supernatant should be clear. The supernatant is
removed at the particles centrifuged 5x in 100 pLL 50 mM salt solution with addition of
10 pL 2% Tween20. Particles can also be washed in PBS.

4. Particle functionalization with DNA

For sigma aldrich 40/60 nm OD=1 citrate capped particles: 30 uL. 100 uM thiol-
capped DNA is mixed with 5 uL. TCEP (100 mM in 0.3 M NaOH), the mixture incubated
for 5 min at room temperature. 10 pL. of this mixture are added to 400 uL citrate capped
particles and mixed. Then 0.4 puL 10% SDS is added. The particle solution is stored
at -80°C for at least 10 min, two times.

DNA particles are washed by centrifugation 5 x in TE buffer (pH=8) + 20 uL 1%
Tween20. After the last step, particles are redispersed in HEPES butffer.

For CTAC particles: 300 uL particles form original stock are mixed with 700 uL
milliQQ water and centrifuged at 10230 rcp for 5-8 min. Pellet is redispersed in DNA
solution: 30 puL. 100 uM thiol-capped DNA in TE buffer (pH=8) + 5 uL. TCEP (100 mM),
then incubated for 5 min at room temperature. Afterwards 30 plL 1% SDS are added. The
mixture is incubated for 1 h at room temperature, then 2 uL. 2M NaCl are added 5x at
intervals of 10 min.

DNA functionalization of pre-PEGylated particles: For pre-covered DNA
particles, CTAC particles are first functionalized with amino- and methoxy-PEG
according to the general protocol above. After cleaning, particles are transferred to PBS
or HEPES buffer pH=6.7. per 100 uL particle solution, 30 pl. thiol-capped DNA
(100 uM in TE buffer pH=8) is added. Incubation at room temperature overnight.
Cleaning according to the PEG functionalization protocol, 5x at 10230 rcf, 3-5 min, either
in TE or HEPES/PBS buffer. Long-term storage preferably in TE buffer.

Two-step passivation with PEG; and PEGs: DNA particles are washed according
to protocol. PEG; or PEGg is dissolved in water at a concentration of 10 mM. To a pellet
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of DNA particles from 100 uL of original solution, 100 pl. of this PEG solution are
added. Incubation overnight, and subsequent washing like in the first step.

Incubation of particles with proteins (Hsp90, BSA, SA) for test of nonspecific
sticking behavior: A 100 pM solution of protein is prepared in HEPES buffer. As an
exception, streptavidin is dissolved in PBS 7.4 (due to original stock being in PBS 7.4).
This solution is added to a pellet of particles. Per 10 pLL particle volume, c(particles)=0.15-
1 nM, an equal volume of the protein is added and incubated at room temperature for 30
min.

5. Methods

This section describes the methods used in the thesis.
5.1. UV-Vis ensemble spectra

Ensemble spectra were done with the USB2000 Fiber Optic Spectrometer by
OceanOptics.

5.2. Agarose gel electrophoresis

Agarose gel electrophoresis was done with a Bio-Rad PowerPac Basic Power Supply,
in Mini-Sub GT cells. Gels were cast in a typical gel range was 0.7-1%. For this, agarose
(for routine use) by sigma-alrich was used (batch #078K0140, A9539-250G). Agarose
was suspended in 0.5x TBE buffer. (Rotiphorese TBE-buffer 10x: 1 M Tris-Borat, 20
mM EDTA; pH 8,3.) The suspension is heated in a microwave until all agarose is
dissolved. Then it is cast immediately, with a 8-well comb, giving approximately 20 pL
pockets. Gel requires at least 60 min to harden. After hardening, gel is removed and
placed into the measurement cell. 0.5x TBE buffer is used as a running buffer. Buffer
typically has a pH 8.3-8.5. For a pH=11 buffer, NaOH is added until the required pH is
reached. Gel is run at 150 V, typically between 10-30 min. Vitamin B12 is used as a
reference.

When sample contains the Hsp90 protein or DNA, the gel chamber is pre-cooled in
an ice bath, and cooled further during the electrophoresis. This is because the gel gets hot
during electrophoresis, and electrophoresis times above 30 min can heat the gel up to
40°C and more, which can cause protein dimer dissociation or split the hybridized DNA.

5.3. Microscope setup

Most measurements were done using modified Zeiss dark-field microscopes. For real-
color images, a halogen lamp (HAL100 by Zeiss) and a white light LED (LED Nano,
LE]J) were used interchangeably. Spectral images were taken with a Thorlabs VariSpec
Kurios VB1. For single-wavelength detection, the 625 nm LED was used (M625L4, by
Thortlabs). Measurements were done with a 40x objective (plan-apochromat) with a
NA=1.3 from Zeiss. For the dark-field illumination, an ultracondenser by Zeiss was used
(1.2/1.4). For measurement, a Hamamatsu Orca flash 4.0 CMOS camera was employed.
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6. Supplementary gel electrophoresis images

This part lists supplementary gel electrophoresis images to complement the data shown
in the main part. Figure B-3 and Figure B-4 show the gel images were processed for the
particle mobility plot and comparison. The evaluation was done as described in source
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Figure B-3. Gel electrophoresis images of 10% amino-PEG particles. Table shows the respective salt content
used during functionalization with PEG. The gels are from three independently performed
functionalizations. Scalebar: 1 cm.
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Figure B-4. Gel electrophoresis images of 10% amino-PEG particles. Table shows the respective salt content
used during functionalization with PEG. The gels are from three independently performed
functionalizations. Scalebar: 1 cm.

Figure B-5 additionally shows how a variation of anion type and consequently the
cation concentration influences the mobility behavior. At the same salt concentration,
K;5POy has a higher ionic strength as compared to KCl, and the mobility plateau is reached
earlier in comparison. Most interestingly, K;PO, seems to have a reverse effect starting
from a concentration of 5 mM: After reaching the maximally slow mobility, the next
bands have increasing mobility. This may be either because too high salt concentrations
have a negative impact, such as salting out and reducing the polymer content. It could
also be because the phosphate somehow plays an additional role, perhaps by interacting
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with the gold surface. Due to this unexpected effect, I do not recommend using
phosphate salts.

# c(salt)/
mM K;PO, K,SO, KCl
1 0 ¢ 1 1 1
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Figure B-5. Gel electrophoresis images of 10% amino-PEG particles functionalized in the presence of
different salts. The anion type and cation content are varied, between KCl, KoSOy4 and K3POy (from
right to left). Table shows the salt content.

6.1. A word of caution for interpretation of gel electrophoresis results

In this section I document some findings that may be of interest and importance when
performing functionalization steps containing additional small molecules.

As follows, I anecdotally report on interference caused by small molecules present in
many protocols that involve proteins or the handling of free thiols. The molecules in
question are ecthylene diamine tetra acetic acid (EDTA) and Tris(2-
carboxyethyl)phosphin-hydrochloride (T'CEP), which coincidentally share structural
similarities with sodium citrate (Figure B-6c). EDTA is found in many functionalization
protocols, as well as gel running buffers."”*"" Its role is to bind divalent ions that can
negatively impact certain molecules and reactions. TCEP is a common reagent for
splitting disulfide bridges to prepare a reactive thiol group for further attachment to either
gold or other chemistries.” In our work, it is used to cleave potential disulfide bonds in
Hsp90 protein stocks. Similarly, in another type of assembly strategy, it is also used to
prepare thiol-DNA for attachment to particles.

While working with these molecules, I have observed two major issues: First, when
using with positively charged amino-particles, a presence of EDTA can unexpectedly
cause aggregation. This may be because EDTA bridges over the particles, since it has
several negatively charged groups. Second, that the reagent TCEP can easily replace
CTAC, and that the characterization of its mobility in a gel electrophoresis experiment
makes it look exactly the same as DNA, when the latter is the target of attachment (Figure
B-6b).
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Figure B-6. Behavior of particles in the presence of physisorbed molecules. (a) Gel electrophoresis image
showing two aggregated CTAC-stabilized 40 and 60 nm particles, and two running bands of citrate-
stabilized 40 and 60 nm particles. The bigger particle batch shows a smaller mobility due to its relative
size. (b) Gel electrophoresis image of a CTAC particle which was incubated with TCEP to show that
not only does TCEP replace CTAC due to higher affinity, it also stays firmly attached even when run in
the gel. Additionally, TCEP-functionalized particles show the exact same mobility as particles incubated
with a mixture of both. The gel can therefore not guarantee that attachment of DNA was sufficiently
successful. Scalebar: 1 cm. (¢) Structures of sodium citrate, EDTA and TCEP.

For modification steps, these observations mean that special caution needs to be taken
when such molecules are present in the protocol. In the case of TCEP and EDTA, my
recommendation would be to avoid using them or to use desalting columns to remove
them from stock.
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C. APPENDIX: ASSEMBLY

1. Characterization methods: tips and trick, limits and strengths.

Identification of assembly success requires a combination of several methods, because
not every method works well for every single case. Here I summarize which methods
work best in which case, and when they fail due to limitations. This is important to know,
because a lack of “positive assembly” result using a certain method does not necessarily
mean that no assembly happened.

1.1. Agarose gel electrophoresis

Out of all easily available methods, the gel electrophoresis is the one method with the
best throughput. However, as shown in the main part, it can fail with particles that have
excessive positive charge, requiring tuning of running buffer pH. This can become
complicated, because the straight-forward tuning of the pH also alters the ionic strength
of the buffer, which influences the electrophoresis process. Ideally, it is best to avoid
excessively positively charged samples.

The separation of dimers and higher constructs generally happens due to increasing
construct retention in the gel. Whether or not separation is easily seen depends on the
dimer type. For example, a dimer consisting of two same-charged negative particles has
double the size and double the charge, and so the charge-per-area value remains the same.
The separation therefore is governed by retardation in the gel matrix. This process is
straight-forward for same-charge constructs, but may be more difficult to predict for
different-charge dimer constructs, as seen in the case of carboxy-amino hetero-type
dimers.

I have observed better separation for negatively charged particles with high mobilities,
such as carboxy or DNA-functionalized ones. Better separation is seen for carboxy end
group content starting from about 50%. Generally, 30 min of running time in a 0.5-0.7%
agarose buffer at 150 V in a 0.5x TBE buffer is enough to see band separation for
carboxy-PEG samples. A similar trend is seen in DNA samples. The difference between
a low and high mobility sample is shown in Figure C-1a.

Another key aspect, shown in Figure C-1b, is the sample heterogeneity. As the gel
image shows, the separation between the monomer band and the dimer band can be as
low as the width of a heterogeneously functionalized monomer band. This is problematic,
because a broad monomer band can hide higher order constructs. Heterogeneity of a
sample is often the result of insufficient and uneven particle functionalization. In this
case, the functionalization needs improvement. However, often times a good sample
shows a broad band due to pocket overload, which causes a retention of the sample. To
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avoid this issue, the sample should be diluted until it runs as a slim band. This of course
can be counter-productive to detection of low amounts of multimer constructs. As an in-
between solution, I recommend not diluting the sample too much and running it for
longer than 30 min. In terms of detectable dimer-to-monomer ratio, I found the threshold
to be around 10%, depending on the stock concentration. Lower ratios may be difficult
to detect with this method.

a Sufficient mobility b Sample homogeniety
X % s
N 4
: : v
- it A

Figure C-1. Examples of gel electrophoresis results. (a) Gel electrophoresis image of two samples with a low and
high mobility. Low mobility is undesired for a clean separation of higher order constructs from the
monomer band. This typically happens to samples where the particle size and charge cancel out each
other in such a way that the resulting mobility is near zero. Scalebar: 0.5 cm. (b) An example of a
heterogeneous sample band and a more homogeneous one. Arrows show how the width of the
heterogencous monomer sample can be as large as the separation between monomer and dimer bands.
Scalebar: 0.5 cm.

One important thing to note is that gel electrophoresis can be used not only for
construct separation but also for purification. This is all the more important when the
original stock has unwanted non-specifically connected constructs.

1.2. TEM: Better for characterization of repeatedly cleaned dimer
samples

Transmission electron microscopy (TEM) is a method that can directly visualize
construct types. It is best used however on already pre-cleaned and isolated construct
samples, rather than construct sample mixtures. This is because there are always drying
effects than can “emulate” the presence of higher order constructs where there are none.
This effect can be somewhat reduced, for example, by diluting the sample, or applying
tricks such as charging the sample grid prior to the deposition of the sample.

I applied this method mainly for characterization of the additional bands in the gel
electrophoresis experiment to prove the presence of dimers in the samples. While doing
so, I noticed that even seemingly “clean” dimer bands in an agarose experiment can still
contain significant amounts of monomers, as seen in TEM (Figure C-2b, 1 cleaning step).
This happens due to crowding effects in the gel, and the relatively small separation
between the bands. As a solution, I found that extracting the dimer band and separating
it repeatedly in a gel helps reduce the monomer fraction (Figure C-2b, 2 cleaning steps),
so that over 80% of identifiable constructs in the TEM image can be attributed to dimers.
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Figure C-2. Comparison of construct identification in TEM. A sample with a one-time agarose gel cleaning step
and subsequent isolation of the dimer band still shows a significant number of monomers of around
60%. On the other hand, a repeated cleaning of the isolated dimer gel band shows only 9% remaining
monomers. Images and colors show the respective constructs, with the pink color signifying aggregated
particle groups that could not be identified due to drying effects.

1.3. UV-Vis: Ensemble reliability depends on assembly distance and
dimer concentration

Using ensemble spectra for characterization of higher order constructs can be tricky,
as already mentioned in the main part. Here I show one example from my assembly
experiments. As shown in Figure C-3, the carboxy-PEG particle mixture containing
mostly monomers and below 20% dimers (gauged by band intensity in the agarose gel)
shows barely any difference to the simple monomer particle spectrum. On the other hand,
there is a slight resonance wavelength shift of 3 nm when measuring the isolated dimer
band, which contains around 80% of identifiable dimer constructs according to TEM.
(This is of course not the absolute number of constructs, and the true number of dimers
may be lower, due to the presence of unidentifiable aggregated particle groups.) The small
resonance shift is because the constructs have a relatively large interparticle distance, and
the plasmonic coupling effect being relatively weak.
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Figure C-3. UV-Vis detection of dimer presence in a sample. (a) Extinction spectrum of a monomer sample, a
mixed sample with dimers and small amounts of higher order constructs, and a spectrum of a dimer band
that was isolated from an agarose gel. (b) Closeup of the extinction spectrum shown in a.
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The previous sections presented the methods of agarose gel electrophoresis, TEM and
UV-Vis ensemble spectra. One method not yet mentioned is the construct identification
by single-particle dark field spectroscopy. This method was not chosen for the
screening of assembly strategies due to being less high-throughput than the gel
electrophoresis, and also because it is highly dependent on specific interparticle distance.
Presuming that the interparticle distance is too large, the difference between a monomer
and a dimer construct becomes too small to see by eye. Technically, even with no
plasmonic coupling present, such a dimer should exhibit a two times higher intensity
compared to a monomer. However, particle samples are already heterogeneous.
Therefore, for better control it is best to perform the dimerization with before and after
measurements in the dark field, which again lengthens the experimental time and reduces
the number of experiments.

Another possibility is also to change the system, for example by adding certain salts as
potassium that are known to complex PEG and therefore reduce the interparticle
distance.”" This method however also requites time, and is better suited for further
characterization, rather than simple identification of dimer presence.

1.4. Identification of assembly success, a summary

I find that all methods taken together serve sufficiently well to give a hint of a successful
reaction. Not every method works equally well, depending on particle charge and size and
interparticle distance, which is why a combination of methods is necessary for a clearer
picture. Since the goal of this work was to primarily find the best system for quick and
efficient assembly, the identification of dimers specifically was not a main objective. This
simplified the task by defining reaction success by presence or absence of reaction-
specific aggregation. Compared to dimer constructs, which may be difficult to isolate and
separate from the sample mixture, specific aggregation can be quickly seen even by eye in
the form of a discoloration of the sample mixture. Figure C-4 presents a summary of the
methods, with the special emphasis on the aggregation as a must-have indicator of
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Figure C-4. Different methods for identifying assembly success. (a-i) Identification via separation of reaction
mixture in a gel electrophoresis experiment. (a-ii) Confirmation of gel electrophoresis experiment by
TEM. The example shows an extracted second band, which contains discrete dimer constructs. (b-i, if)
Single-particle experiments are low-throughput, but they can serve to give more information on the
constructs, such as the presence of a fluctuating signal in the case of a protein coupled dimer confirming
the presence of the protein between the particles. In the case of a non-protein coupled PEG-
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functionalized particle dimer, a reversible change in PEG size by addition of salts such as potassium can
confirm the presence of successfully formed constructs. (b-iii) An example of a fluctuation signal of a
dimer construct. (c) The best criterium for assembly success is chemistry-specific aggregation of the
sample.

I refer to this strategy as “backwards tuning”. Upon selecting a reliable chemistry that
gives the fastest specific aggregation, the number of reactive anchors and linker molecules
can be reduced and tuned to a ratio with the statistically expected highest dimer yield.

2. Assembly protocols

This section lists the assembly protocols used in this thesis.

2.1. Maleimide coupling

Particle activation. Amino-PEG functionalized particles are cleaned by centrifuging
5x at 10.230 rcf for 3-8 min, depending on the volume. Per 100 pL of solution, 10 pL
2v% Tween20 is added before centrifugation. The supernatant is replaced with equal
volume of PBS 7.4. Before activation, the particle sample is left as a pellet.

SMCC is stored at -20°C in watet-free DMSO at a concentration of 20 mg/mlL
(=60 mM). An aliquot of this solution is taken out and diluted in RT milliQQ water to a
final concentration of 0.6 mM (typically 1 L. of the original solution is quickly added to
99 uL. of PBS 7.4 or HEPES 7.4 buffer, and then vortexed). SMCC has a low solubility
in water, and cold buffers especially should be avoided during this step. The diluted
solution is quickly added to the particle pellet. Due to the high excess of SMCC compared
to the particles (x2.400.000), minor differences in particle concentration and reactive
PEG end groups are neglected in this protocol. Per 100 uL. of an approx. 0.1-0.25 nM
particle solution, 50 puL. of a 0.6 mM SMCC solution are added, vortexed and left to react
for about 2 h. In gel experiments, I have observed that a minimum of 1-1.5 h are necessary
until the gel bands no longer show a change in mobility. Particles are then cleaned in
PBS 6.7 or HEPES 6.7, 5x at 10.230 rcf for 3-8 min. Per 100 pl. of solution, 10 pl. 2v%
Tween20 is added before centrifugation.

Particle storage. I observed that maleimide particles stored in PBS 6.7 at RT remain
active towards thiol-capped molecules for weeks. Nonetheless, activated particles were
typically stored as aliquots in a -80°C freezer.

Homo-type assembly. The linker (dithiol-PEG, 2000g/mol, 3000 g/mol,
6000 g/mol) is prepared at a necessary concentration according to the particle-to-ligand
ratio. The particle solution is mixed with the ligand solution at a volume ratio of 1:1
(typically in the range of e.g. 20 ulL+20 uL). The concentrations are adjusted accordingly.
For better characterization in the gel electrophoresis, particle concentration should not
be below 0.5 nM in the sample.

It is important that mixing happens uniformly and fast. For this, one solution is placed
at the bottom of an eppi tube, and another in the inside of the cap. Then the eppi is closed
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and shook so that the particle droplet combines with the ligand droplet. The mixture is
then left to stand for 30 min/overnight at room temperature. Thereafter the mixture is
immediately characterized in gel electrophoresis, and a UV-Vis spectrum is recorded.

Hetero-type assembly. Particles are functionalized with respective ratios of methoxy-
PEG (2000 g/mol) and either amino-PEG (3000 g/mol) or dithiol-PEG (2000 g/mol,
3000 g/mol). 10% amino-PEG is used for the first particle, and 100% dithiol-PEG for
the second. After activation with SMCC and subsequent cleaning, particles were mixed at
a volume ratio of 1:1 and characterized.

2.2. EDC/NHS coupling

Particle activation. After cleaning by centrifugation, 100 uL. of carboxy-PEG particles
(c=0.5 to 0.25 nM) are left as a pellet in the eppi. Prepare EDC and NHS solutions in
MES (2-morpholin-4-ylethanesulfonic acid) buffer (pH=4.5; 0.1 M): Dissolve 1.55 mg
EDC per 100 uL buffer, and 1,15 mg NHS per 100 uL. buffer. This gives a 100 mM
solution. Per 100 pLL original particle solution, add first 50 uL. of the EDC solution, vortex
and mix well, then add 50 ul. NHS solution, mix. Minimal incubation time is 30 min for
a complete reaction, according to gel electrophoresis controls. Thereafter particles are
washed in PBS 7.4. Per 100 pL. buffer add 10 pl. 2% Tween20. Centrifugation is at
10230 rct, 3-8 min depending on particle size and volume. The remaining protocol is
exactly as the one for the maleimide chemistry. The diamino-PEG linker (2000 g/mol,
3000 g/mol) is dissolved and the particle and linker solutions are added at a volume ratio
of 1:1. The mixture is left to rest at room temperature, and thereafter characterized.

2.3. Biotin-streptavidin.

Homo-assembly. For assembly, 10% biotin-PEG particles are made according to the
general protocol. Particles are cleaned by centrifuging 5x at 10.230 rcf for 3-8 min,
depending on the volume. Per 100 uL of solution, 10 puLL 2v% Tween20 is added before
centrifugation. I observed no difference between cleaning in PBS or potassium sulfate
(50 mM) or water. In the final step, the supernatant is replaced with equal volume of
PBS 7.4. Streptavidin (tetramer) is stored at -20°C as a 5 or 1 mg/mL solution in PBS 7.4.
a 1 mg/mL solution corresponds to approximately 16.6 uM, assuming a molar mass of
60 kDa. Similar to the other homo-assembly protocols, this solution is diluted
accordingly. The particle and protein solutions are mixed at a volume ratio of 1:1 and left
to react at room temperature for 30 min or overnight. The mixture is then characterized
accordingly.

Hetero-assembly. This section compiles the protocols for all hetero-assembly related
reactions.

Functionalization of mono-streptavidin particles. The mono-streptavidin
(SAvPhire-Streptavidin from sigmaaldrich) is attached to particles via His-tag. For this,
particles are first functionalized with DNA-NTA, incubated with Ni** and then with
mono-streptavidin.
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Synthesis of DNA-NTA: DNA (5-SH-TTTTTTTTTTT-NH,-3’, from Biomers.net
GmbH) is diluted in TE buffer (¢c=500 pM) and stored at -20°C. i-NTA
(Isothiocyanobenzyl-nitrilotriacetic acid) is diluted in DMSO (100 mg/mL) at stored
at -20°C. 69 uL of the 100 mg/mL NTA solution is added to 207 pL. of 500 uM DNA.
The solutino gets turbid and yellowish. The solution is then incubated for 3-5 h at room
temperature on the orbital shaker. After incubation the sample is dialyzed (10 mM Tris-
HCI pH 8) at room temperature, the buffer is exchanged 3x and the last dialysis step is
overnight. A Micro Float-A-Lyzer MWCO 500-1000 Da is used for dialysis. Next day,
30 pL aliquots are prepared and stored at -20°C.

Particle functionalization with DNA-NTA: 300 pl. (25 mM CTAC) particles (c=0.1-
0.25 nM) are mixed with 700 plL milliQQ water and centrifuged at 10230 rcf for 8 min. The
supernatant is removed. 5 uL. 100 mM TCEP (dissolved in 0.3 M NaOH) is added to
30 u. DNA-NTA and incubated for 30 min at room temperature. This solution is then
added to the particle pellet. After 10 min 30 pl. 1% SDS is added. The sample is then
incubated for 1 h, then 2 ul. 2M NaCl are added, and this step repeated 3 more times.
Thereafter the sample is incubated at room temperature on the orbital shaker overnight.

Functionalization with the mono-streptavidin: 15 ul. NTA-particles are incubated with
70 uL milliQ water, 5 pl. 2% Tween20 and 15 pl. 2 mM Ni** for 10 min at room
temperature. The particles are then centrifuged at 10230 rcf for 3 min. The pellet is
resispended in 5 pL. miliQQ water. To this solution, 95 uL. of 50 nM His-tag mono-
stepravidin is added. 50 nM streptavidin is sufficient to cover the particles, there is no
improvement when going up to 5 uM, according to a characterization in gel
electrophoresis. I have observed that 10 min were already enough for a complete reaction,
but 30 min are chosen for the standard procedure. Due to aggregation during
centrifugation, particles are cleaned via dialysis in PBS 7.4 instead. Mono-streptavidin
particles may need extra SDS to remain redispersed. DNA-particle coverage may need
further improvement.

Hetero-assembly. For assembly, 10% biotin-PEG particles are mixed with an equal
ratio of mono-streptavidin particles and left to react for 30 min at room temperature. The
particles are thereafter characterized.

Functionalization of tetramer streptavidin particles with DTSSP. 50 uL. of a 1
mg/mL streptavidin solution in PBS 7.4 is incubated for 30 min at room temperature
with 50 uM 0.3 mM DTSSP (3,3"-Dithiobis(sulfosuccinimidylpropionate)) in PBS.
Remaining DTSSP is removed with a Zeba Spin Desalting Column MWCO 7K (Pierce).
500 L of 40 nm citrate capped particles from BBI are centrifuged at 10230 rcf for 5 min.
Add the streptavidin solution and incubate at room temperature overnight. I noticed no
difference between incubation at room temperature and 4°C in the gel electrophoresis
experiments. However, the resulting particles showed aggregation during centrifugation
cleaning steps. Removal of excess streptavidin is therefore difficult.
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2.4. DNA assembly

Functionalization: Protocol see particle functionalization.

The assembly protocol follows the same procedure as the previous ones. In the homo-
type assembly, particles and the protein are diluted accordingly, mixed and left to react
for 30 min or overnight. In the hetero-type assembly, complementary particles are mixed
at a volume ratio of 1:1 and left to react similar to the homo-type assembly.

3. Supplementary experimental figures

This section contains figures showing reproduction experiments and supplementary
experiments that the main section refers to.

3.1. Maleimide chemistry with varying linker sizes

This part shows additional experiments for the maleimide reaction related assembly.
Several dithiol-PEG length between 2000 g/mol and 6000 g/mol were tested additionally
as viable linkers for amino-PEG functionalized homo-type assembly. As Figure C-5
shows, no significant change was seen after addition of the linker molecules at the ratios
where for other systems such as biotin-streptavidin, assembly was seen.
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Figure C-5. Gel electrophoresis image of homo-type assembly with different dithiol-PEGs. (a) Gel images of
maleimide-activated amino-PEG functionalized particle samples, incubated over 48 h. The particle-to-
linker ratios are shown beside the sample band. The samples don’t show significant change compared to
the control. Scalebar: 1 cm. (b) Respective samples from a, showing no sign of aggregation.

3.2. Multiple bands in carboxy-PEG functionalized samples

Here I show additional figures depicting how the multiple bands in the PEG
functionalized samples look like. Figure C-6 a-b shows repeated experiments. The
appearance of the additional bands is seen when switching to other particle batches and
seems reproducible. Figure d also displays that longer gel running times may be needed
to reveal the multi-band structure of the sample. Curiously, the multi-band structure
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appears also when the ratio between methoxy-PEG and carboxy-PEG is tuned (c),
suggesting that the interaction may not be dependent on the carboxy-group content.
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Figure C-6. Supplementary gel images for carboxy-PEG multimer constructs. (a-b) Gel images of repeatedly
functionalized carboxy-PEG particles with 75% carboxy-PEG (3000 g/mol) and 25% methoxy-PEG
(2000 g/mol). (c) Multiple bands appear visibly starting from 25% carboxy-PEG. Scalebar: 1 cm. (d) Gel
requires at least 30 min of running time in a 0.7% agarose gel at 150 V to reveal other bands. The structure
is better to discern after 75 min of running time.

Following figures show typical TEM images recorded of the second band, showing
that it indeed contains dimers. In a majority of cases, the dimers show no gap, suggesting
that the particles “snap” together during the drying process. A more sophisticated sample
preparation may be necessary to reveal the true gap size, since the particle dimers
evidently do not start out with a near zero gap when in solution, as shown in dark-field
experiments in the next chapter.
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Figure C-7. TEM images of dimer constructs from carboxy-PEG particles.

The following figure shows complementary information on hetero-type assembly
experiments with the EDC/NHS chemistry type. No reaction could be observed when
incubating mixtures of particles with varying ratios of end groups (a). On the other hand,
centrifugation of said mixtures or freezing at -80°C reproducibly yielded results (b).
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a Simple incubation of particle mixtures: b Centrifugation of particle mixtures:
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Figure C-8. Supplementary gel images for hetero-type EDC/NHS assembly. (a) Gel image of carboxy- and
amino-PEG particles and their mixtures. Upon simple incubation (30 min), the samples separate into
respective monomer bands, with no hint of assembly or aggregation. (b) Gel images of centrifuged
reactive particle mixtures show appearance of new bands approximately in between the monomer bands.
Freezing the sample mixture also appears to weaken the band color. This may happen due to aggregation,
suggesting that freezing also leads to reaction due to forced patticle proximity.

Interestingly, these samples show a variety of gaps between the particles, as compared
to the consistent zero-gap seen in several TEM recordings of the carboxy-PEG samples.
Due to the small statistics and unreliable band identification and isolation however, it is
difficult to say whether the sample dried under better conditions. Qualitatively, I observed
that the gaps in the hetero-type samples can in some cases be larger than the typical PEG
lengths. This may be a hint that the attachment between the particles is not covalent but
rather adsorbed. Since this assembly type is less effective than the biotin-streptavidin and
DNA-DNA one, I did not further pursue the question of dimer formation in this hetero-
type constellation.
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Figure C-9. TEM images from hetero-type assembled constructs. The images show a heterogeneous sample, with
many monomers and dimers with a variety of interparticle gaps.
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3.3. Biotin-streptavidin chemistry

The biotin-streptavidin assembly is reproducibly successful. Figure C-10 shows another
such gel image and the typical discoloration of the sample when streptavidin is added to
the particle solution.
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Figure C-10. Reproduction of biotin-streptavidin homo-type assembly. (a) Assembly sketch. (b) Gel
electrophoresis image of samples with different particle-to-streptavidin ratios, and a control. (c) After 30
min, the 1:100 sample shows discoloration, hinting at aggregation caused by streptavidin.
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