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Summary

Single-molecule methods are promising to provide deep insight into all biological prob-
lems. Methods include among others single-molecule fluorescence and force measure-
ments. Such measurements are limited by Brownian motion that puts bounds to the
spatiotemporal resolution and by nonspecific interactions of the molecules of interest
to probes and surfaces that are involved in the measurement. To reduce nonspecific
interactions and improve the spatiotemporal resolution of single-molecule assays, I have
developed several novel methods in this thesis. First, I have developed a highly repro-
ducible supported solid lipid bilayer platform for such assays. This platform provides
specific and load bearing attachments with less nonspecific interactions of biomolecules
and probes to the surface. Thus, the lipid bilayer platform enabled fluorescence and
force measurements to study the mechanics of single DNA molecules and molecular mo-
tors. One such molecular motor is kinesin that transports vesicles along microtubules.
Kinesin motor proteins walk in a rotary hand-over-hand mechanism associated with a
center-of-mass displacement of 8 nm during the hydrolysis cycle. Early reports indi-
cated that kinesin takes substeps. However, despite constant research over the last three
decades, load-bearing substeps could not be confirmed and the stepping mechanism of
kinesin remains unclear. An ideal tool, to study the mechanics of kinesin are optical
tweezers. Optical tweezers use microspheres as handles for measuring piconewton forces
generated by kinesin. However, micron-sized probes with a low refractive index limit
the spatiotemporal resolution. To overcome this limit, I have synthesized high refractive
index germanium nanospheres and antireflection coated, core-shell germanium micro-
spheres. High-refractive index particles beyond a certain size limit cannot be trapped
by a laser in optical tweezers unless they are photonically structured to reduce the scat-
tering force. To reduce scattering and to increase the trap force, I added an antireflection
coating to germanium microspheres. With these probes, we can, in the future, increase
the optical force generated by the optical tweezers beyond a nanonewton or achieve a
very fast response time below a microsecond. The germanium nanospheres already en-
abled me to perform high spatiotemporal optical tweezers measurements. I found that,
instead of 8-nm steps, kinesin-1 motors take 4-nm center-of-mass steps with alternat-
ing step durations depending on force and ATP. At high loads, motors switched to a
weakly bound state, but did not detach. Instead, motors slipped on microtubules in
8nm steps on a microsecond time scale. Surprisingly, rescue of directed motion after
such a slip event happened in about 80% of events. Such rescue events indicated that the
run lengths of individual motors are concatenations and rescues need to be accounted
for to understand long-range transport. By these measurements, I have resolved a long
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standing controversy bringing together the kinesin stepping and detachment behavior.
In sum, this thesis provides mechanistic insights into how kinesin-1 walks and detaches
from microtubules, thus helps to understand the big picture of how kinesin motors work
in a team to transport vesicles. In the long-term, employment of novel probes that en-
able an ultrahigh resolution opens up new avenues for detailed investigations and new
discoveries of conformational changes that are key for the biological function of many
other molecular machines.



Zusammenfassung

Einzelmolekiilmethoden sind vielversprechend, um tiefe Einblicke in alle biologischen
Probleme zu gewinnen. Zu den Methoden gehoren unter anderem Einzelmolekiil-Fluore-
szenz- und Kraftmessungen. Solche Messungen sind einerseits begrenzt durch die Brown-
sche Bewegung, die der raum-zeitlichen Auflésung Grenzen setzt und andererseits durch
unspezifische Wechselwirkungen der zu untersuchenden Molekiile mit Sonden und Ober-
flachen, die an der Messung beteiligt sind. Um unspezifische Wechselwirkungen zu re-
duzieren und die rdumlich-zeitliche Auflésung von Einzelmolekiil-Assays zu verbessern,
habe ich in dieser Arbeit mehrere neue Methoden entwickelt. Erstens habe ich eine
hochgradig reproduzierbare, Oberflichen-gestiitzte feste Lipid-Doppelschicht-Plattform
fiir solche Assays entwickelt. Diese Plattform bietet eine stabile und spezifische Befe-
stigungsmoglichkeit fiir Biomolekiile und Sonden mit gleichzeitig minimierten unspezi-
fischen Wechselwirkungen dieser mit der Oberfliche. Auf diese Weise ermdglichte die
Lipid-Doppelschicht-Plattform Fluoreszenz- und Kraftmessungen zur Untersuchung der
Mechanik einzelner DNA-Molekiile und molekularer Motoren. Ein solcher molekula-
rer Motor ist das Kinesin, das Vesikel entlang von Mikrotubuli transportiert. Kinesin-
Motorproteine laufen in einem rotierenden Hand-iiber-Hand-Mechanismus, der mit einer
Massenschwerpunktverschiebung von 8 nm wéhrend des Hydrolysezyklus verbunden ist.
Friihe Berichte deuteten darauf hin, dass das Kinesin zusétzliche Zwischenschritte macht.
Trotz sténdiger Forschung wéhrend der letzten drei Jahrzehnte konnten diese lasttragen-
den Zwischenschritte jedoch nicht eindeutig bestétigt werden, und der Schrittmechanis-
mus des Kinesins bleibt unklar. Ein ideales Werkzeug, um die Mechanik des Kinesins zu
untersuchen, ist eine optische Pinzette. Optische Pinzetten verwenden Mikrokugeln als
Proben zur Messung der vom Kinesin erzeugten Pikonewton-Kréfte. Allerdings begren-
zen mikrometergrofie Sonden mit einem niedrigen Brechungsindex die rdaumlich-zeitliche
Auflésung. Um diese Grenze zu iiberwinden, habe ich Germanium-Nanokugeln mit ho-
hem Brechungsindex und antireflexbeschichtete, Kern-Schale-Germanium-Mikrokugeln
synthetisiert. Teilchen mit hohem Brechungsindex, die eine bestimmte Groflengrenze
iiberschreiten, konnen von einem Laser in optischen Pinzetten nicht mehr gefangen wer-
den, es sei denn, sie werden photonisch strukturiert, um die Streukraft zu verringern. Um
die Streuung zu verringern und die Einfangkraft zu erhohen, habe ich den Germanium-
Mikrokugeln eine Antireflexbeschichtung hinzugefiigt. Mit diesen Sonden kénnen wir in
Zukunft die von der optischen Pinzette erzeugte optische Kraft {iber ein Nanonewton
hinaus erhchen oder eine sehr schnelle Reaktionszeit unter einer Mikrosekunde errei-
chen. Die Germanium-Nanosphéren ermdéglichten es mir bereits, mit der optischen Pin-
zette Messungen mit hoher raum-zeitlicher Auflosung durchzufithren. Ich fand heraus,
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dass Kinesin-1-Motoren anstelle von 8-nm-Schritten 4-nm-Massenmittelpunkt-Schritte
mit wechselnden Schrittdauern in Abhéngigkeit von Kraft und ATP ausfithren. Bei ho-
hen Lasten schalteten die Motoren in einen schwach gebundenen Zustand, l6sten sich
aber nicht ab. Stattdessen rutschten die Motoren auf Mikrotubuli in 8-nm-Schritten auf
einer Zeitskala von Mikrosekunden. Uberraschenderweise geschah die Rettung einer ge-
richteten Bewegung nach einem solchen Rutschereignis in etwa 80% der Fille. Solche
Rettungsereignisse deuteten darauf hin, dass es sich bei den Lauflingen der einzelnen
Motoren um Verkettungen handelt und dass Rettungen beriicksichtigt werden miissen,
um den Langstreckentransport zu verstehen. Durch diese Messungen habe ich eine seit
langem bestehende Kontroverse gelost, die das Kinesin-Schritt- und Abloseverhalten
zusammenbringt. Zusammenfassend lédsst sich sagen, dass diese Arbeit mechanistische
Einblicke in die Art und Weise liefert, wie Kinesin-1 lduft und sich von den Mikrotubu-
li ablost, und somit zum Verstdndnis des Gesamtbildes beitragt, wie Kinesin-Motoren
in einem Team arbeiten, um Vesikel zu transportieren. Langfristig erdffnet der Einsatz
neuartiger Sonden, die eine ultrahohe Auflésung ermdoglichen, neue Wege fiir detaillierte
Untersuchungen und neue Entdeckungen von Konformationsénderungen, die fiir die bio-
logische Funktion vieler anderer molekularer Maschinen von entscheidender Bedeutung
sind.



1 Introduction

1.1 Visualization and quantification of single
biomolecules to study their mechanism

Almost all aspects of life are engineered at the molecular level, and without
understanding single molecules we can only have a very sketchy understand-
ing of life itself - Francis Crick

Everything in the world around and within us is made up of molecules. We humans
are complex organisms with 30 trillion cells, countless single molecules, hardwired to
survey [4]. Each and every single molecules acts together to create functional cells. The
question which hit my mind every time is why should we explore single molecules in a
biological system? What are the advantages of looking at one molecule at a time? These
questions led me to realize that the studies on single molecules will render us to ask and
answer questions that were impossible to address before.

All classical biophysical and chemical methods picture the behavior of enormous en-
sembles of molecules, averaging the measured parameters over the total molecular pop-
ulation. But, how the individual molecules behave, their conformation, properties and
evolution over time, can be revealed only by performing single molecule imaging or force
measurements [5, 6.

There are various techniques to explore single molecules. Fluorescence based meth-
ods like fluorescence resonance energy transfer, [7, 8] confocal, total internal reflection
fluorescence microscopy (TIRF) techniques are used since many years to study single
molecules [9, 10]. Atomic force microscopy techniques have opened up new avenues in
both imaging and force measurements in understanding inter and intra molecular inter-
action forces exerted in or by molecules [11, 12]. Optical tweezers and magnetic tweezers
are another force manipulation technique [13-16]. With these single molecule techniques
we can resolve the mechanisms involving multienzyme and macromolecular complexes
that remain challenging in biomolecular systems. Single molecule techniques help us to
see and touch the molecules with novel probes. For many experiments, we need a surface
platform to study complex and subtle biological processes of single molecules, which is
discussed in next section.



1 Introduction

1.2 Surface passivation techniques to perform single
molecule fluorescence assays

When performing a single-molecule fluorescence protein study, it is vital to attain a great
quality of surface passivation to prevent surface-induced protein malfunction or denatu-
ration. Another methodological challenge is the nonspecific attachment of biomolecules
to the imaging surface which causes problems during analysis of the target molecules.

Often, a glass surface is treated with surfactants like bovine serum albumin (BSA)
and this surface was used for single-molecule nucleic acid studies and the proteins. As
an alternative passivation technique to study the proteins, the glass surface was coated
with a polymer (polyethylene glycol, PEG) [17-28]. The problem with this method was
a non-uniform distribution of the PEG film, which resulted in defects [29, 30].

There are also studies of passivation of surfaces with polysiloxane and Tween-20
in addition to PEGylation [16, 30]. But these surfaces may destruct cells or active
biomolecules, makes it inappropriate for cellular functional studies.

One more alternative surface passivation technique is to attach the biomolecule of
interest to the nanoparticles or nanodots and arranging them in array like matrix [31—
33]. But this method suffers from a problem of nonspecific adsorption of protein, which
resulted in high background fluorescence.

There are also some studies that use pluronic F127 as a blocking agent to passivate
hydrophobic surfaces [34-37]. But in this approach, harsh chemicals are involved with
limited shelf life or sensitivity to humidity which is potentially harmful, more hazardous
and ecohostile. Moreover, this procedure includes time consuming steps. Thus, a mul-
tifaceted method is required to improve surface passivation, especially for performing
single-molecule fluorescence measurements.

1.2.1 Supported lipid bilayers as an alternative surface platform
to existing techniques

Supported lipid membranes on solids are of scientific interest for several reasons. Lipid
bilayers are a great alternative approach for single-molecule studies as they provide an
environment more similar to the circumstance that the macromolecules face inside a
living cell [38]. Therefore, lipid bilayers are suitable for many different proteins and
nucleic acids. In addition, they also prevent many non specific interactions with the
surface. Moreover, lipid bilayers can be easily modified through the incorporation of
different functional lipids such as biotin, PEG or carboxyl in their head group.

There is a wide range of lipid-based model systems like Langmuir-Blodgett, Lang-
muir-Schaefer deposition, vesicle fusion, solvent assisted lipid bilayer and lipid /detergent
mixed micelles methods [18, 39]. One of the easiest and widely used technique to form
phospholipid bilayer is via vesicle deposition and fusion on a glass substrate [40] as de-
scribed in Fig. 1.1. Phospholipids are rehydrated, vortexed and sonicated to form small

10



1.2 Surface passivation techniques to perform single molecule fluorescence assays

uni-lamellar vesicles. Flattening and rupture of vesicles resulted in a continuous planar
lipid bilayer.

Lipid bilayers gained attention for their potential usage to form cell-cell interfaces
[27], to study ligand-receptor-mediated interaction of vesicles, virus-like particle interac-
tion with lipids, membrane-enveloped virions and lipid nanoparticles covered with lipid
membranes [41-43].

Cytoskeletal motor proteins can also be attached to a fluid lipid bilayer surface [26].
However, because the membrane is fluid, forces cause motion of the attachment anchors
in the membrane. However, a simple membrane based platforms for force experiments is
missing. Supported solid lipid bilayer provides specific attachments of biomolecules and
enable us to perform force measurements [44]. By using the solid supported lipid bilayer
platform, we can explore the mechanism of cytoskeletal motor proteins and DNA, which
is discussed in next section.

Lipids in Lipids hydrated in  Multilamellar  Small unilamellar
chloroform Hepes buffer vesicles vesicles
ﬁﬁ 7% O O %OOO
& # # |Dehydrate Hydrate Vortexing | O ~ |sonicating 0 2 ©
Toy, | —> — — 5 [0 O, o o
ﬁ 7 O O (o) O O
— o o
; — SE o %%
N O/ NG
Vesicles fusing to the Lipid bilayer
solid surface formation

Figure 1.1: Schematic representing supported lipid bilayer formation using the
vesicle fusion method. In the first step lipids are dissolved in chlo-
roform. Then the solvent is evaporated. Next step, lipids are
rehydrated in the supported lipid bilayer buffer. They are vor-
texed and sonicated to create multilamellar and small unilamellar
vesicles. The calcium chloride helps in the fusion of vesicles to the
surface forming lipid bilayer.
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1 Introduction

1.3 Cytoskeleton and motor proteins play a major role
in various cell functions

In eukaryotic cells, motor proteins and the cytoskeleton are present in the cytoplasm.
Cytoskeletal motor proteins move along a hierarchically arranged polymer tracks. Mo-
tors are sub divided into three superfamilies: kinesin, dynein and myosin [54-57]. They
are responsible for the transport and movement of cargo within cells and for the shape
and mobility of the cells [45-47]. The cytoskeleton is made up of three different types
of protein filaments. microtubules, actin and intermediate filaments. Though actin and
intermediate filaments play a vital role, this thesis is only concerned with microtubules.

1.3.1 Microtubules are important structures in cells

Microtubules are composed of tubulins. Alpha and beta tubulin (roughly 4 nm in size)
form heterodimers that polymerize to form protofilaments. The lateral connection of
thirteen protofilaments generates hollow cylindrical stiff microtubules [48]. The periph-
eral diameter of the microtubules is around 25nm. The GTP bound alpha tubulin is
stable while GTP attached to the beta tubulin can be easily hydrolyzed. The GTP tubu-
lin exists at the end of the microtubules, thus preventing it from depolymerization and
preserving the microtubule stability [49, 50]. But when GDP bound tubulin is present
at the tip of microtubules, rapid shrinking occurs, known as catastrophe. This fasci-
nating microtubule process to assemble and disassemble themselves is termed dynamic
instability [51].

1.3.2 Molecular motors

For me, the most interesting scenario in living cells is to investigate motor proteins as-
sociated with the cytoskeleton. Billions of motor proteins work in a collaborative way
in eukaryotic cells. Microtubule motors like kinesin and dynein progress along micro-
tubules [54-56]. Myosin, moves along actin microfilaments. All these motor proteins
utilize chemical energy to drive themselves along a straight track, with the sliding or
moving direction dependent on the polarity of the path. The motor domain or “head”
determines the identity of the path and the direction of movement along it while the
type of cargo that motor proteins interact with or bind to is regulated by the tail of the
motor protein [57, 58].

1.3.3 Kinesins are microtubule based motor proteins

Kinesins are involved in major cellular functions including meiosis, mitosis and in trans-
porting cellular cargo from one place to another within the cell. Most kinesins are
plus end directed thus transporting the membrane enclosed organelles or cargo from the
center to the periphery of the cell, maintaining anterograde transport [59].
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1.3 Cytoskeleton and motor proteins play a major role in various cell functions

Kinesins have been sub classified into 14 classes according to their directionality to-
wards plus or minus end of the microtubules, their peptide chain composition either
they are homo or hetero dimers and also based on their motor head position placed at
the C-terminus, internal or N-terminus [60, 61].

Among the kinesins, the most studied one is conventional kinesin. It belongs to the
class of kinesin-1. The motor domain that generates motion is at the N-terminal heavy
chain region with conserved 350 amino acids. The catalytic core in combination with
the neck linker of 40 conserved amino acids build up the motor domain region. The
catalytic core binds ATP and microtubules while the neck linker helps as a lever for the
movement. The coiled coil region behind the motor domain is called stalk. The tail is at
the C-terminal end and associated with transport of cargo [62, 63]. The whole kinesin-1
domain organization is shown in Fig. 1.2.

Motor domain Neck linker  Coiled coil Hinge

\

A

l | |
Head Tail

cooiee e )

Figure 1.2: Kinesin-1 domain organization (top). Motor domain or head region
(green) binds to ATP and microtubules. Neck linker (blue) as a
bridge between head and tail region. The pink and white regions
corresponds to coiled coils and unstructured hinges.

How does kinesin operate in teams and transports organelles and macromolecules?
What is the step size of kinesin while it is walking? How much load can they bear?
Single-molecule techniques like optical tweezers helped to reveal part of the kinesin
stepping mechanism but still there are a lot of unresolved questions. Optical tweez-
ers and fluorescence microscopy studies clearly showed that kinesin walks along single
protofilaments on the microtubules in a hand-over-hand mechanism with the step size of
8 nm and with an average speed about 800 nm/ s [13, 64, 65]. In a hand-over-hand mech-
anism, each step of the motor is expected to rotate by 180-degree where the torque is
transferred from the motor head to the motor bound cargo through the stalk. Ramaiya
et al [64] found uni-directional rotation of kinesin motors implying that, the motor head
is not free to rotate during stepping. Here, the one head of kinesin is strongly bound
while the other head is weakly bound which diffuse along the microtubule. Next, how
does kinesin take these steps and what is the mechanochemistry behind it? Slowly, there
is a consensus model developing [13, 66].

13



1 Introduction
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Figure 1.3: Binding of kinesin to microtubules in a two head bound state.
With the release of ADP and P; from rear head, ATP binds to
the front head. This provokes a conformation change that allows
the detachment of rear head with displacement of 8 nm. In a next
step, the ATP hydrolysis occurs in the front head. From this point
either the kinesin can complete the cycle or they can detach from
the microtubule lattice. Adapted from [66].

The consensus model for the kinesin-1 chemomechanical cycle depicted in Fig. 1.3
helps us to figure out how kinesin walks against loads [67]. The model is divided into
two parts with equal distribution of total cycle time between one head and two head
bound states at saturated ATP. The cycle begins with the binding of both heads to the
microtubule. In next step the adenosine diphosphate (ADP) is released rapidly. The
rapid ADP release was confirmed by performing stop flow measurements [67]. Followed
by the ADP release step, the phosphate (P;) may be liberated, thus converting the rear
head to a weakly bound state. Transition from the two head bound state to the one
head bound state includes ATP binding at a fast rate followed by the detachment of
the trailing head. Note that the one-head bound state has been refined by Ramaiya
et al [64] to one head strongly bound and the other head being weakly bound. Thus
in the former called one head bound state, both heads still remain in contact with the
microtubule. With ATP binding to the front one and with rear head detachment, the
cycle is completed.

There are lots of open questions in the above explained consensus model. The big
argument in the literature is whether the trailing head detachment precedes ATP binding
to the front head, or not. There are few single molecule fluorescence reports which show
that the strain between a head in a two head bound state accelerates the rear head
detachment followed by ATP binding to front head [68, 69]. But in contrast, tracking
molecules with probes attached to one head proposes that ATP binds in a two head
bound state. The mechanism here is like a power stroke, in which the conformational
change in the front head triggers the rear head detachment [67].

14



1.4 DNA mechanics

The next controversial story concerns the step size. Do kinesins take 8 nm steps or
not? There are studies which reported that kinesin takes steps that are smaller than
8nm. Coppin et al. [2] reported that the 8nm steps are subdivided into 5 and 3nm
steps. Nishiyama et al. [1] used smaller sized polystyrene beads and detected 4 nm steps
of kinesin with optical tweezers. But both studies are criticized [3]. For example in Cop-
pin et al. the starting and ending data points in the step were selected entirely "by eye’
and traces were filtered with a 15 ms median filter. Under these criteria, no statistically
meaningful plateaus can exist. In Nishiyam et al [1], the problem is associated with the
data sampling by selection and a failure to assess the effects of instrument bandwidth.
Because of the presence of noise, individual records of steps showed no clear evidence of
substeps. Carter and Cross argued that there is no substep at all [70]. But the response
time which they acquire with large sized polystyrene (500 and 800 nm) microspheres
was large and it is unclear how large instrument noise was. The Hancock group [67]
tracked the position of gold nanoparticles coupled to individual kinesin motor domains
in processively stepping dimers using interferometric scattering microscopy and detected
intermediate steps. Isojima et al. [71] also visualized the intermediate steps in kinesin
by employing high-temporal resolution dark-field microscopy. As there are lots of unan-
swered question in the kinesin mechanism, I tried to find a solution to these problems,
which is discussed in later parts of the introduction.

1.4 DNA mechanics

One of the foremost studied single molecule is DNA. DNA is the inherent hereditary
material which affords a blue print for cell growth, replication and death [72]. DNA
stores information in the cells. DNA is comprised of nucleic acids which in turn are
made of deoxyribonucleotides. Deoxyribose, a phosphate group, and a nitrogenous base,
a nitrogen-containing ring structure is responsible for the complementary base pairing
between nucleic acid strands [73].

During DNA condensation, DNA is tightly packed within cells [72]. A particular
region (gene) in DNA influences the characteristic behavior of the organism. Genes
can be transcribed, translated and replicated according to the needs of the cells [74].
There are also lots of proteins which binds and interacts with DNA to modify chromatin
structure [75, 76]. For these processes, the mechanical properties of DNA are important.
Thus, single molecule techniques were employed to study the mechanical properties
of DNA. Among others [7, 9, 11, 12, 15, 16] optical tweezers have been employed for
trapping and for measuring the forces exerted by molecular motors or the mechanical
properties of DNA. Let us have a detailed look on optical tweezers.
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1 Introduction

1.5 Optical tweezers are a position and force
transducer

Force holds everything together, especially, small forces in the range of 1-100 pN regulate
the structure and dynamics of single biomolecules. Now-a-days, optical tweezers have
become a fantastic tool to probe the forces and dynamics associated with single-molecules
with extraordinary resolution.

Optical tweezers utilize the laser light momentum to optically trap microscopic objects
in the range from nano to micrometers. Optical tweezers were first developed by Arthur
Ashkin and applied in biology [77]. The forces were applied to single molecules to
detect their responses in the form of distance changes. The ultra high-resolution optical
tweezers have a resolution range in measuring the distance, force and time in the range
of 0.1 nm-50 pm, 0.02-250 pN, 0.1 ms-3,000s [78].

Generally, biomolecules function depends on their thermal fluctuations, with an energy
change of 4.1 pN nm at room temperature or kgT (kg is the Boltzmann constant and T
is the room temperature). If a single molecule goes through a conformational change of
1nm, against a force of about 4.1 pN, then the mechanical work corresponds roughly to
the thermal energy. This guesstimate suggests that the force exerted by bio-molecules
is in the pico newton range. In particular for cases like the mechanical unfolding of
macromolecules, the exerted forces are larger than the above estimated force. Otherwise
molecules would not be stable against thermal fluctuations. Thus, optical tweezers are
excellent tools to study the kinetics and thermodynamics of bio macromolecules [79].

1.5.1 Principles of optical tweezers

To understand the principle of how optical tweezers work, we need to know how the
particles are trapped in a focussed laser beam and how we can measure the forces acting
on the particles. When light interacts with a particle, some rays are absorbed while
others are scattered with the effect of momentum transfer. In a simplified way we can
say that force from the light is divided into two parts, gradient and scattering force where
the gradient force (F,qq) acts in the direction of the light gradient facing the focus, and
the scattering force (Fy.q) in the direction of the light propagation. The laser holds the
microscopic objects when the Fy,.q is larger than the Fi.,; and thermal fluctuation of
the particles (Fig. 1.4). When Fy.,; is higher, then particles are shot or pushed away
from the laser beam [80]. If the particle size is smaller than the wavelength of the laser,
then optical forces are based on Rayleigh scattering [81]. When the particle size is much
larger than the wavelength then ray optics [82] can be used.
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1.5.2 Geometric/ray optics

Geometric optics are used when the radius of the particles is larger than the wavelength of
the laser. Here the incident light is refracted twice by the microspheres which is according
to the Snell’s law. If the refractive index of the particles differs from the surrounding
medium, light momentum changes and this change in momentum is transferred to the
particles [80]. If the microsphere has a refractive index higher than the surrounding
medium, then a gradient force acts towards the highest intensity area. The scattering
force results from the rays that are reflected at the interface of the particle and the
medium.

1.5.3 Rayleigh scattering

The conditions for Rayleigh scattering are satisfied when the particles are much smaller
than the wavelength of the incident laser beam. The forces are calculated by considering
a particle as an induced dipole point that elastically scatters light. The particle senses
the gradient force called Lorentz force, if the induced dipole is in an intensity gradient.
The scattering force is associated with the diameter d of the particle (Fyeqr o< d°). The
gradient force increases with Fj,.q o d3. Therefore, the trap is less stable for large sized
particles in the Reyleigh regime [83].

axial displacement lateral displacement

momentum momentum
change change
out out scattering force out/ i
in in gradient force | 1/

incident laser incident laser

Figure 1.4: Schematic representing the microsphere trapped by the focused
laser beam with portrayed gradient and scattering force. Adapted
from [84].
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1.5.4 Mie theory

When the microsphere dimension is comparable to the laser wavelength, we cannot apply
either the ray optics or the Rayleigh scattering theory. For spherical particles in an
optically trapped laser beam, this scattering regime can be explained mathematically by
Mie theory [85, 86]. This theory solves Helmholtz wave equations to calculate the electric
and magnetic field. The correlation between the incident, scattered, and internal fields
calculated with boundary conditions provides us Mie expansion coefficients. From this,
the trapping force can be determined. A focused laser beam with a Gaussian profile is
used to trap a spherical particle, which complicates the application of the theory [87, 88].
To overcome this problem, we can use an optical tweezers computational tool box to
calculate the forces and torques acting on a spherical particle [89, 90].

1.5.5 Calibration of optical tweezers

Next we will see how we can calibrate the optically trapped probe to precisely measure
force and the displacement. Brownian motion (equipartition theorem), a drag coefficient
measurement (Stoke’s drag) and a sinusoidal calibration method are used to calibrate the
tweezers [35, 91, 92]. For fast detection, the back focal plane interferometry was employed
with the quadrapole photodiode detector (QPD) imaging the back focal plane to monitor
the reflected or scattered light from the trapped microsphere [93]. The displacement
of the microsphere from the trap center and the forces acting on the microsphere is
determined from the detector signal.

The trapping force of a microsphere in a harmonic trap potential is described by
Hook’s law F' = kAx. From the known displacement, z, from the laser focus and the trap
stiffness, the force exerted on the microsphere can be calculated. But the displacement
measured from the QPD will be in volts and we need to know the displacement sensitivity,
a proportionality factor to convert the units from volts to nanometers.

1.6 Novel probes for optical tweezers

If we want to perform high spatiotemporal resolution measurements to unravel how a
single molecule works, then the optical trap needs to be improved. The trap stiffness can
be increased, by either modifying the laser beam or by improving the probe. Overfilling
the back aperture by the laser beam with a TEMy, mode or using laser beam with
TEMj; mode (donut shape) can improve the trap [80]. By optimizing the diameter d
and the refractive index n of the particles, the probe trap stiffness can be improved.
Mostly, microspheres composed of polystyrene or silica were used as probe [10] for
studying molecular mechanisms of motor proteins or mechanical properties of DNA.
If we want to study more details of motor proteins, for example, in my case how they
walk, what their step size is and how they detach from microtubules on microsecond time
scales, I need some probes with a high spatiotemporal resolution. The ultimate precision
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of the experiment is limited by the drag coefficient, i.e. the size of the microsphere. Thus,
ideally, probes should be as small as possible.

The problem in optical trapping of polystyrene or silica beads that are smaller than
300nm is that it is difficult. The trap stiffness and the forces exerted by such small
particles are significantly smaller [80, 94]. Another problem faced by these beads, are
they do not produce clear signals on the detector and so their signal-to-noise ratio for
nanometry is low. To overcome this problem, metallic nanoparticles can be used as an
alternative probe, which is discussed in the next section.

1.6.1 Metallic nanoparticles as an optical tweezers probe with
their usage limited by heating and denaturation of
biomolecules

Optical trapping of mesoscopic microparticles has promoted a wide range of innovative
science and applications. Noble metal nanoparticles have gained special attention in
recent years due to resonant collective oscillations of free electrons excited by light
[95, 96]. The gold’s large polarizability resulted in strong optical gradient forces resulting
in a high trap stiffness even for small sized particles [97, 98].

Successive studies using gold nanoparticles showed that their surface plasmon reso-
nance effect leads to strong trapping behavior. Recently, many groups explored optical
trapping of gold nanoparticles in air and in water and studied how much force was
exerted on these particles [99-101].

The Block lab introduced three dimensional trapping of gold nanoparticles in the
size range below 100nm [102]. They have also observed that 36 nm gold nanoparticles
exhibited a seven times larger trapping force than a polystyrene sphere of similar size
[102]. Hansen et al. [101] reported that they stably trapped gold nanoparticles three
dimensionally, for the size range from 18 to 254 nm. They have also reported that forces
up to tens of pico-newtons were exerted on these gold nanoparticles.

Silver nanoparticles have gained enormous interest, because they have more intense
and sharper features in the visible light range in comparison with other plasmonic metal-
lic nanoparticles like gold or copper [103, 104]. There are also studies on trapping other
metallic nanoparticles composed, for example, of silver [105, 106].

But the main problem in trapping metallic nanoparticles is the significant heating of
these particles caused by the absorption of light. Dramatic heating of these metallic
nanoparticles at high laser power and causes damage to biomolecules. Seol et al. [99]
reported that the gold nanospheres are not good handles to apply forces on biological
molecules. They measured the internal heat produced by the metallic nanoparticles
inside the trap and found that the measured heat is 20 folds higher than the heating of
water under trapping. Thus, we need some nanoprobes with less heating, but at the same
time, the probes should exert a high force to perform biomolecule force measurement
with high spatiotemporal resolution. One solution is the use of high refractive index
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nanoprobes which is discussed below.

1.6.2 High refractive index nanoprobes for high precision optical
tweezers measurements

As the optical forces are associated and scale with the particle volume, for piconewton
force measurements we need micron-sized optical probes practically limiting the spa-
tiotemporal resolution [79, 80, 107, 108]. For high optical forces a high trap stiffness
is necessary. This trap stiffness depends on the refractive index, particles size and vol-
ume of the particles. The higher the refractive index, the greater the trap stiffness. The
smaller the size, the smaller the trap stiffness, however the better the resolution. This
is the reason why we need high refractive nanoprobes.

According to Mie theory, germanium (n = 4.4 4+ 0.11i) and silicon (n = 3.97 £+ 0.03i)
have a high refractive index at a trapping wavelength of 1064 nm and possibly a high trap
stiffness. Moreover, these semiconductor materials have received an increasing attention
in the field of nanophotonics [109-111]. These high refractive dielectric materials have
geometric scattering resonances close to plasmonic materials, without the association
of a large absorption coefficient resulting in less heating and negligible intrinsic optical
loss. Especially, silicon improves the polarizability which enhances the trapping at the
nanoscale range. Arroyo et al. [112] investigated the possibility of using commercially
available silicon nanoparticles for trapping experiments. These particles were produced
by grinding of silicon wafers. They have also shown that trapping was achieved for
sizes up to 200nm in diameter and the trap stiffness is comparable to the metallic
nanoparticles with less heating. But there are a lot of difficulties associated with the
synthesis of silicon nanoparticles in a spherical, crystalline and monodisperse manner and
to functionalize these particles with biomolecules of interest. Germanium nanospheres
are an alternative.

1.6.3 Germanium nanospheres

There are several methods reported in the literature to synthesize germanium nanopar-
ticles [113-120]. Some chemical synthesis methods include metathesis reactions using
Zintl salts [121], organogermane precursors decomposition using high boiling solvents
[122], germanium halides reduction with mild-strong reducing agents [123, 124], ger-
manium oxide (GeOy) powder reduction in an aqueous media [119, 120, 125], thermal
reductions of sol-gel polymers and copolymers with germanium and destruction of ger-
manium chloride (GeCly) in a plasma reactor [114, 126].

But there are a lot of problems associated with the synthesis of germanium nanospheres
in the above discussed methods. Many of these reports use toxic precursors, high tem-
peratures and required specialized equipment. In addition to that the water soluble wet
chemical reduction method did not result in monodisperse particles or in good crys-
tallinity required for many applications. Also, particles often were not spherical. Other

20



1.6 Novel probes for optical tweezers

synthesis methods have issues related to the use of pyrophoric reducing agents, synthesis
of germanium containing complexes or preparation of time-consuming germanium pre-
cursors. A notable problem is that, if the reaction solution is not clean, polydisperse
particles with different morphologies will be produced.

1.6.4 Optical trapping of antireflective microspheres for force
measurements in the nhanonewton range

So far, we had a look on the forces that we can exert on the probes from femto- to
pico newtons using optical tweezers. This range is sufficient to study the mechanics
of individual, biological molecular motor proteins or machines. But for the mechanical
characterization of cellular processes like mitosis, cell adhesion and contraction, the
beating of cilia, or to study of amyloid fibrils, it requires larger forces [127]. There is
constant interest in developing probes, to extend and exert an optical force in the nano
newton range. The high force can be achieved with the help of a strong trap, but it
requires high laser power which heat the probe and affects the biological interactions.
The majority of attempts to measure forces in the nanonewton range involves beam
shaping techniques and set-up improvements [128]. But with these techniques, it was
harder to achieve a laser momentum transfer. Using high refractive index materials, we
can achieve a high trap stiffness, but only with certain sizes of the probe. After a certain
size limit, the scattering force becomes larger than the gradient force, thus we cannot
trap particles any more. One approach to significantly reduce the scattering force acting
on a bead is to introduce an anti-reflective layer around the bead.

Thus, in our lab, we have designed and characterized antireflection coated micro-
spheres. We have used high refractive index particles, untrappable until they are coated
with low refractive index materials, which reduced the scattering forces and accompa-
nies stronger trapping. Jannasch et al. [129] reported that trap stiffness increased by
40% when they coat polystyrene beads with silica in comparison to silica or polystyrene
alone. Subsequently, our lab improved the idea further based on antireflection coated,
high refractive index titania microspheres [129]. Silica coated nanodiamonds were also
employed for performing high resolution experiments [130]. The silica shell around the
nanodiamonds made them to be stable in water and allows us to couple the target
proteins to the particle surface.

Still there are lots of problems associated with the above explained coated particles.
Reproducibility and sphericity of the particles are main issues. Not only did the reaction
result in secondary nucleation of the coating material, but the microspheres also tended
to aggregate into large amorphous complexes. In addition, some shrinking of the particles
could be observed after the coating, which might have been due to aqueous or thermal
instability of the particles during the used coating protocol.

Taken together, germanium is a promising material to improve optical trapping probes
ranging in size from tens of nanometers to a micrometer.
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2 Objectives of this work

Mechanical processes are essential for cells. Cytoskeletal motor proteins like kinesin
carry out various essential cellular processes. Kinesin motors progress by taking steps on
microtubules in a rotational hand-over-hand fashion. Despite their biological importance
and decades of work, many fundamental components of the mechanochemical cycle in
kinesin motor remain disputed. For example, one of the most controversial topics is
whether intermediate steps exist and whether they can support load in the hydrolysis
cycle. One important aspect is how the transport distance is affected by loads due to
opposing and unsynchronized motors. This force generation and distance depends on
motor detachment. How kinesins detach from microtubules is not known.

Single molecular machines producing forces in the piconewton range can be studied
with optical tweezers. There are fundamental limits to achieve a high spatiotemporal
resolution because of Brownian motion of both molecular motors and probes. A high
spatiotemporal resolution can only be achieved by the use of nanometer-sized optical
trapping probes. However, such nanoprobes for force measurements in the piconewton
range do not exist.

This thesis is an investigation towards exploring the kinesin stepping mechanism using
ultraresolution single-molecule force assays. Thus, the first goal was to develop a promis-
ing solid supported lipid bilayer surface platform to carry out in vitro kinesin stepping
assays in a more reproducible manner with less nonspecific interactions. The second
goal was to synthesize and characterize high refractive index germanium nanoprobes
and antireflective coated germanium microspheres for high resolution, high force and
fast response time experiments. The third goal was to covalently couple the motor pro-
tein kinesin-1 to the germanium nanospheres to find out whether substeps exist and how
motors detach from microtubules. Confocal, interference reflection and total internal re-
flection fuorescence microscopy and optical tweezers were employed to achieve the third
goal. The ultimate intent of this project was to push the limits in resolution of optical
tweezers to allow the measurement of so far hidden conformational changes of proteins.
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5 Results

This chapter summarizes the results of my PhD work. All results are included in the
publications listed in the appendix. For detailed information, please refer to the original
manuscript in the appendix as indicated in the text.

5.1 Supported solid lipid bilayers as a platform for
kinesin stepping assays

5.1.1 Development of a supported solid lipid bilayer platform

For high contrast fluorescence or high precision force measurements, we need a plat-
form for specific attachment with minimal nonspecific interactions. In single molecule,
kinesin stepping assays, microtubules are often immobilized on a silanized surface for
TIRF microscopy [37]. As a platform that can sustain loads and has minimal non specific
interactions, we used a solid supported lipid bilayer (SSLB) platform was constructed
with a lipid mixture of 15:0 phosphatidyl-choline (PC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[carboxy (polyethylene glycol)-2000] (DSPE-COOH) with a mo-
lar ratio of 4:1. The vesicle fusion method was used to construct the lipid bilayer on
the surface [18, 24, 132, 133]. After solid lipid bilayer formation tubulin antibodies and
amino-PEG molecules were covalently coupled to the carboxyl groups of the membrane.
Thus, this method allows specific and rigid attachment of microtubules to the solid lipid
bilayer surface, if the melting temperature of the lipids is higher than room tempera-
ture. Moreover, the lipid bilayer surface also prevented the nonspecific interactions of
the kinesin motors with the remaining surface (Fig. 5.1 and Fig. 1 in Appendix 1).

5.1.2 Kinesin stepping assay

The blocking capacity, i.e the amount of nonspecific binding was quantified by measuring
the average green fluorescence protein (GFP) intensity in the presence of a high motor
concentration of kinesin in small regions of interests. In comparison to controls of a
supported fluid lipid bilayer and a standard F127 assay[34-37], the SSLB had the least
amount of nonspecific interactions. The results confirmed that our PEGylated SSLB
platform showed better blocking capacity. The co-localization of the kinesin motors on
microtubules confirms the specific interaction.
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To test whether the solid lipid bilayer affected the kinesin functionality, we mea-
sured the motility parameters of motors under single molecule conditions (Fig. 1 in
Appendix 1). The run length and velocity of the kinesin were consistent with litera-
ture values [56, 134].To answer the question whether SSLB can sustain loads, I used
the optical tweezers to measure the force-dependent stepping behaviour of kinesin-1.
(Fig. 2 in Appendix 1). The truncated GFP-tagged kinesin motors were attached to
polystyrene microspheres with PEGs via a GFP nanobody [65, 135]. These microsphere
were trapped and calibrated with the help of high-precision optical tweezers [35, 92, 136].
The kinesin bound microspheres were then placed on microtubules. Single kinesin mo-
tors walked along the microtubule with the step size of 8 nm and generated a maximum
force of about 5.5pN. This force is consistent with previous studies [64, 65, 80]. These
results ensure that the lipid bilayer conserved the functionality of the motors and that
the SSLBs can sustain loads. Moreover, there was no nonspecific interactions of micro-
spheres with the PEGylated lipid bilayer platform. Thus, SSLBs act as an excellent
platform for motor protein measurements.

5.1.3 Platform for studying single DNA molecules

To check whether the SSLBs can be used as a platform for other biomolecules like DNA
and whether it can sustain higher loads, we unzipped and overstretched single DNA
molecules tethered between the SSLB and optically trapped microspheres. Here, the
lipid bilayer contained biotinylated lipids. Hence the SSLB was covered with Neutravidin
to attach one end of DNA. The SSLBs with additional blocking agents reduced the non-
specific interactions, more than tenfold. To test specific binding, DNA having a biotin
at one end and digoxigenin tag at the other end was tethered between microspheres
with a digoxigenin-antibody and the SSLB (Fig. 3.b in Appendix 1). All microspheres
showed tethered particle motion indicative for specific attachment of the microsphere
to the lipid bilayer via the DNA. Taken together, the SSLBs resulted in highly specific
binding of DNA tethered microspheres with non-specific interactions.

Next, we unzipped and overstretched the DNA with a closed hairpin (Fig. 5.1 and Fig.
4 in Appendix 1). The hairpins were completely unzipped and the double stranded DNA
was overstretched at about 65 pN [76]. The black dashed line shows a experimental force
extension curve fitted well with a worm like chain model, which describes the polymer’s
semi flexibility. The simulation [137, 138] matched the unzipping pattern. Together, the
SSLBs allowed us to manipulate DNA force measurements thus minimizing non-specific
interactions, while sustaining high loads up to 70 pN. All together, the SSLBs served
very well as a platform for single molecule force measurements.
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Figure 5.1: Supported solid lipid bilayer for a motor protein and DNA tethered
microsphere assay.

5.2 Germanium nano- and microspheres

5.2.1 Size-controlled synthesis of water stable germanium
nanospheres

The main goal of my PhD project was to explore the mechanistic substepping behavior
of kinesin. To detect the substeps, we need a probe with high spatiotemporal resolution.
The high refractive index nanoprobes, with high spatiotemporal resolution will serve as
the ideal probe to resolve the motor’s stepping mechanism. Semiconductor materials
like silicon and germanium have a high refractive index. In my project as a first step,
I have synthesized germanium nanospheres (GeNTOPs) using a wet chemical reduction
method. GeNTOPs were synthesized similar as reported [139] with important modifi-
cations. In this process, germanium oxide (GeOs) and sodium borohydride are used as
a substrate and reducing agent, with quercetin as stabilizing agent. The reaction was
carried out at 60 °C. The size of the particles increased with an increase in the reaction
time (Fig. 5.2 and Fig. 1a in Appendix 6) This is the first reported protocol to perform
the synthesis of the water stable spherical GeNTOPs in sufficient amounts.

5.2.2 Characterization of germanium nanospheres using different
techniques

As synthesized GeNTOPs were characterized using different techniques like transmission
electron microscopy (TEM), dyanamic light scattering (DLS) and optical tweezers. TEM
measurements showed that the size of the GeNTOPs ranged from 29 nm to 200 nm, when
the reaction time was increased from 3h to 8h (Fig. 5.2 and Fig. 1b in Appendix 6).
To exclude a shrinking effect of particles while drying them for TEM, the results were
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Figure 5.2: Water stable germanium nanospheres synthesized with different
time intervals in solution and their TEM images correspond to
3-8 h reaction times with 1 h increments, respectively.

compared with size results from DLS and OT (Fig. 1c in Appendix 6). The size results
from different techniques were consistent with each other. Next, to gain more informa-
tion about the crystallinity of the particles, X-ray diffraction (XRD) studies were carried
out.

5.2.3 X-ray diffraction shows cubic phase of germanium
nanospheres

The lyophilized GeNTOPs of size 30 nm were used to characterize the crystalline nature

of the nanoparticles. The XRD pattern for the GeNTOPs was compared with the

reference pattern for a pure germanium crystal as reported before [140]. Germanium
has a cubic crystal structure. Our lattice constant was in very good agreement with the
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standard value of 5.6512 A (JCPDS card No. 03-065-0333) [141]. The calculated domain
size also confirms the single cubic crystal phase of GeNTOPs (See Fig. 2 in Appendix 6).

5.2.4 Germanium nanospheres enable ultraprecise
spatiotemporal measurements

Particles with a high refractive index enable a high trap stiffness. A Mie theory calcula-
tion was carried out to find the trap stiffness of different sized germanium nano spheres
by using optical tweezers computational toolbox [90]. The lateral (axial) trap stiffness
for the germanium nanospheres was experimentally measured at a laser power of 0.1 W
in the trap and found to have a 6-fold and 10-fold high trap stiffness than polystyrene
and silica nanospheres of the same size (Fig. 5.3 and Fig. 3 in Appendix 6). The exper-
imental measurements agree well with the calculations showing that GeNTOPs have a
high trapping efficiency.
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Figure 5.3: Trap stiffness plotted for germanium (red circle), polystyrene
(black diamond) and silica (blue square) nanospheres on a log-
log plot (Inset: lin-lin plot) with Mie theory calculations (black,
red and blue lines).

Next, I measured the trap stiffness and the roll off frequency (f.) of GeNTOPs at
the laser power of 1 W, to check whether the particles produce heat and whether the
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heat influences the trap stiffness. At maximum laser power (1 W), the power spectral
density was recorded (Fig. 4 in Appendix 6). The analysis of the particle motion re-
vealed an extremely high roll off frequency of f. = 68 kHz with a trap stiffness of about
0.76 pN/nm/ W. To measure the temporal resolution, the response time was calculated
from the roll off frequency [35, 92]. The temporal resolution was around 2.8 us. These
findings confirm that one could perform high spatiotemporal resolution measurements.

The other question is whether the GeNTOPs generate heat at high laser intensity.
Heat generated by the probe can easily denature the biological sample. The temperature
of the GeNTOPs was measured at different laser intensity as mentioned before [142].
The temperature of the particle increased from 29 °C, the sample temperature, to 42°C
when the laser intensity increased from 0.1 to 1 W which is, comparable with the behavior
observed for polystyrene microspheres. Thus, there was no significant extra heating. As
expected, a linear increase in the trap stiffness with laser power was also observed.

To resolve how kinesin steps and detaches, 72 nm sized GeNTOPs were used to enhance
the spatiotemporal precision of optical tweezers by compensating the particle-volume-
scaling of trapping forces in the Rayleigh regime. The smaller the size of the bead
the greater the spatiotemporal precision. To determine whether the spatiotemporal
trapping precision of GeNTOPs was improved compared to conventional microspheres,
the GeNTOPs were optically trapped in a custom built ultrastable optical tweezers
setup [136] (Fig. S1 in Appendix 6). The calibration [35, 92| results confirmed that we
achieved the trap stiffness x, required for kinesin picotensiometry [1, 2, 64, 70, 143]. I
have observed that, the spatial precision was improved a lot with a trap response time of
around 10 us (Fig. S2 in Appendix 2). The spatiotemporal resolution can be increased
further by using smaller germanium nanospheres or a higher trap stiffness. Instead of
smaller nanospheres, the response time can also be improved by a very high trap stiffness
of photonically engineered germanium microspheres.

5.2.5 Antireflective germanium microparticles for high force
measurements

Note that these are unpublished results not provided in the appendix.

Mie theory predicts nanonewton optical forces for antireflection coated
germanium microspheres

To design an optimal antireflection coating of germanium microspheres with germanium
oxide, T-matrix and Mie theory calculations were used[90] (Fig. 5.4). The core and shell
size were optimized to achieve the highest trap stiffness for a laser wavelength of A =
1064 nm. For the germanium oxide as a shell material with a refractive index 7.0 =
1.78, the trap stiffness as a function of core and core-shell diameter is shown in Fig. 5.4.
To achieve the high trap stiffness, a core size of d...; = 800 nm with a coating thickness
of depar =100-200nm (light pink region in Fig. 5.4) need to be synthesized. Particles
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with a smaller or larger shell than the optimal one cannot be trapped according to the
calculation (white regions in Fig. 5.4).

Trap stiffness (pN/(nm W))

Total diameter (nm)

200 400 600 800

Core diameter (nm)

Figure 5.4: Mie theory predictions of lateral trap stiffness per power in the
focus as a function of the core diameter and total core-shell diam-
eter. White areas correspond to particles that cannot be trapped
anymore. The circle marks the highest possible trap stiffness.

Synthesis and characterization of germanium core shell microspheres

To hit the maximum trap stiffness as described by theory, the germanium microparti-
cles of different sizes were synthesized [119]. GeOy and PVP were dissolved in 0.5 M
NaOH (Solution I) and the NaBH, was dissolved in chilled water (Solution II). When
the synthesis was started by mixing solutions I and II, a colour change was observed.
The former clear solutions first turned yellow and continued to become opaque brown.
Depending on the reaction time, the solution turned further from a light brown tone to
dark brown. Fig. 5.5 shows exemplary SEM images of the synthesized germanium mi-
crospheres at different reaction times. The synthesized microspheres are monodisperse
and had a very smooth, spherical shape with a mean size with standard deviation of
504 + 77 (N = 102), 740 + 35 (N = 202) and 1085 + 202nm (N = 105) after 30, 60
and 90 min. Then, the 1085 nm diameter particles were oxidized by placing the sample
in a thermal furnace at 550 °C for about 8 h. After oxidation of the particles a core size
of around 912 4+ 15nm and shell size of about 221 4+ 11 nm observed. The particle size
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increased about 50 nm during oxidation. TEM image of the germanium core shell parti-
cles is shown in Fig. 5.5. The crystalline core germanium with a germanium oxide shell
layer can be visualized clearly. The core and shell diameter, yet, needs to be optimized
to achieve the high trap stiffness. Nevertheless, one can synthesize germanium core shell
particles to achieve a high trap stiffness and to utilize these particles for high force or
high response time experiments.
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Figure 5.5: a) Germanium microspheres synthesized at different time intervals.
The box plot denotes the diameter of the germanium microspheres
at 30, 60 and 90 min. Insets: a) SEM images of the germanium
microspheres b) TEM images of the germanium core shell micro-
spheres after 8 h of oxidation. Scale bar: 1 um.

5.3 Kinesin stepping

5.3.1 Membrane-coated germanium nanospheres for kinesin
transport

To attach the kinesin to GeNTOPs, they were functionalized with a carboxylated lipid
bilayer. This system mimics in vivo vesicles thus minimizing the nonspecific interac-
tions. The lipid bilayer was PEGylated and functionalized with nanobodies which in
turn bind to green-fluorescent-protein-(GFP)-tagged kinesin motors (Fig. 5.5 and Fig.
S3 in Appendix 2). Due to the functionalization of the lipid bilayer, the diameter of
the GeNTOPs increased to 93 + 4nm. This diameter corresponds to the average size
of neuronal transport vesicles [144]. Thus, the assay geometry resembles native condi-
tions inside cells. Single molecule conditions were achieved by manipulating the kinesin
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motor-to-germanium nanosphere ratio. The speed and run length were quantified by
interference reflection microscopy [145] and the results were in agreement with previous
reports [65].

5.3.2 Kinesin takes 4-nm steps

GeNTOPs attached to single kinesins at physiological ATP concentrations were placed
on microtubules, and their movement was recorded from the trap center (Fig. 1 in Ap-
pendix 2) using optical tweezers. In the kinesin stepping trace, with increasing hindering
loads up to ~5pN, the motors were slowed down (Fig. 1 and Fig. S4 in Appendix 2). A
step finding algorithm was used to determine step sizes and dwell times. Interestingly,
instead of 8 nm steps, kinesin walked with 4nm substeps that can support load [143].
(Table. S1, Fig. 1 and Fig. S5 in Appendix 2). For the higher forces, two dwell times
were observed with a long (71) and short dwell time (73). I also found that 7, depended
on force while 75, hardly depended on force. Kinesin stepping traces recorded with low
ATP concentrations (Fig. 5.6 and Fig. 2 in Appendix 2) confirmed that the first dwell
time 7 increased and depends on both force and ATP while 75 hardly differed from the
high-ATP values (Table. S2 in Appendix 2). Thus, I can conclude that kinesin motors
walk with alternating 4 nm force and ATP-dependent steps.

5.3.3 Kinesin detachment and rescue

The next question that I addressed was how and from which substep do motors detach?
From my result, I noted in about 50 % of the motility events, the last step was a short
substep. When a motor detaches from the microtubule, we expected a relaxation time
similar to the trap response time. But the time constant which we acquired was much
larger than the trap response time. This discrepancy shows that kinesin still interacted
with the microtubule and did not detach from it (Fig. 3a in Appendix 3).

As a control experiment, we pulled the kinesin sideways perpendicular to the axis of
the microtubules. In this case, the kinesin did not interacted with the microtubule and
as expected the relaxation time was consistent with the expected trap relaxation time
and true motor detachment (Fig. S6 in Appendix 2). I used an unbiased change-point
detection algorithm [146] to reveal 8-nm slip steps occurring on a microsecond time scale
during this slipping motion (Fig. 5.6, Fig.S7 and S8 in Appendix 3)

Thus, I summarize, motors switched to a weakly bound slip state and interacted with
the microtubule lattice while slipping back. The other question was, does kinesin truly
detach from microtubules after a slip event or do motors switch back to a motility-
competent state. To decode this mystery, the time between subsequent motility events
was calculated and called restarting time (Fig. 3 in Appendix 2).
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I found that restarting time distribution consisted of a sum of two exponentials with
a time constant of 112 £ 1ms and 4.1 + 0.4 s, respectively. The short restarting time
constant is in agreement with the one of a predicted weakly bound state prior to de-
tachment [147]. Surprisingly, in 82 £+ 1% of our events the motors did not detach and
the motility was rescued after a slip event.
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Figure 5.6: Ultraresolution kinesin traces with optically trapped germanium
nanospheres. Membrane-coated germanium nanospheres (TEM
micrograph, left; membrane resulted in a white contrast) allowed
the measurement of substeps during the normal kinesin stepping
cycle. Under load, kinesins did not detach but slipped backward
along the microtubule in very fast 8 nm steps, which led to the
discovery of rescues for vesicle transport.
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6 Discussion

In this thesis, I have developed methods to resolve how kinesin steps and detaches with
unpresedented spatiotemporal resolution. To perform all these single molecule assays,
I have developed a solid supported lipid bilayer platform, to prevent the nonspecific
interaction of the protein of interest to the surface. I have synthesized, high refractive
germanium nanoprobes and showed that they have a 5-10 fold higher trap stiffness
compared to conventional probe of similar size. I have shown that the molecular motor
kinesin-1 takes alternative force dependent 4 nm substeps instead of 8 nm steps by using
GeNTOPs. In addition to that, I have revealed that kinesin interacts with microtubules
while motors are slipping back to the trap center with 8 nm fast slip steps. Only 20%
of events showed true detachment after a step event while in 80% of the cases motor’s
motility was rescued. For kinesins, the slip and rescue state allows motors to slip back
to their team during transport with direct reengagement in motility.

6.1 Supported solid lipid bilayers as an excellent
platform for single molecule fluorescence and
force measurements

I developed a supported solid lipid bilayer (SSLB) as an alternative platform to perform
single-molecule fluorescence force measurements. Even though supported fluid lipid
bilayers had been used previously for performing kinesin motility assays [26, 148, 149],
we found that kinesin motors showed transient nonspecific binding on a sub-second
time scale to such a lipid bilayer surface. Due to this nonspecific transient binding, we
PEG-ylated the bilayer. PEGylation of the SSLB with 15:0 PC blocked the non-specific
binding effectively. However, the PEGylation of supported fluid lipid bilayer, did not
reduce transient binding of kinesin to the surface. One reason for the nonspecific binding
apart from the diffusive nature of DOPC lipids could be the change in headgroup area
being bigger in the fluid state in comparison to the solid state.

An advantage of the SSLB platform was that it was highly reproducible over a long
period of time. The reason why silanized slides that are often used as a platform did not
show a high reproducibility may be that the silanized surfaces have a particular shelf
life and the stability of the silane depends on the humidity level in the lab environment.
Hydrophobicity of the glass surface has to be monitored by the water contact angle,
which was often either too low or high. If the hydrophobicity is not right, the adsorption
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of antibodies to the surface may not work properly. In case of a low hydrophobic
surface, less antibodies are absorbed leading to less specific binding. In other case, if the
hydrophobicity is too high, it can easily denature the proteins. The denatured proteins
on the surface in turn increase nonspecific binding. This kind of nonspecific binding
was observed due to the denaturation of digoxigenin on the preparation of slides for
our DNA assay. Negatively charged polyacrylic acid blocked the surface very well. But
proteins interacting with the DNA, also may interacts with the blocked surface as it is
also negatively charged. Therefore, our SSLB is more suitable and better platform for
the DNA and DNA binding protein assays compared to platforms based on hydrophobic
slides. In addition, the chemicals utilized during the silanization process are more toxic
and hazardous to the environment. Furthermore, the time necessary for blocking the
silanized surfaces was longer by 60 min compared to the preparation of SSLB slides.
Thus, we can say that the SSLB is efficient, less time consuming and more reliable
platform for performing single molecule fluorescence and spectroscopy assays.

We can also switch the fluidity of the membrane from solid to fluid for doing single-
molecule fluorescence and force measurements in analogue to cellular assays [23]. We
could use a heating laser to heat a particular area [150] to melt the bilayer and manipulate
the anchoring points with the help of the optical tweezers. If the desired pattern is
attained it can be frozen by switching off the heating laser, thus again converting the fluid
lipids back to the solid state. In combination with the excellent blocking performance,
we expect that in the long term, our optimized SSLB will have many applications for
single-molecule fluorescence and force measurements.

6.2 Germanium nano- and microspheres for optical
tweezers measurement

6.2.1 Germanium nanosphere synthesis and functionalization

In general, I demonstrated the synthesis of GeNTOPs in the size range from 30 to 200 nm.
Even though there are several reports on synthesizing germanium nanoparticles, they
require toxic precursors or result in organic bi-products [116, 119] and most of the pro-
cesses involve high temperatures [151, 152]. In solution-phase synthetic chemistry meth-
ods, there is a problem in achieving good crystallinity of the particles [114, 123, 126, 153].
Other problems associated with the wet chemical reduction method was the polydisper-
sity of the nanoparticles, their tendency to form larger aggregates and that the particles
were not spherical [125, 139, 154]. In my protocol, I produced GeNTOPs which are
stable and monodisperse. The nanosphere stability was improved by functionalizing the
nanospheres with a lipid bilayer as described previously [155]. Phospholipids are consid-
ered to be one of the best stabilizing agents. As the cell membrane is composed of various
types of phospholipids and proteins, functionalization with such biomolecules will be a
desirable route to improve the blood circulating time of nanoparticles and biocompatibil-
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ity for in vivo applications. Moreover, the lipid stabilized germanium nanoparticles can
be effectively conjugated with biomolecules of interest, drugs or antibodies for specific
targeting.

After functionalization with lipids, the nanospheres tend to be in a dispersed form for
several months. I have performed a quantitative analysis on the size of the nanospheres
synthesized at different time intervals, measured the optical spring constants. We showed
that GeNTOPs had a similar trapping efficiency than metallic nanospheres reported
previously. Even though, the metallic nanospheres have a high trapping efficiency they
have the disadvantage of quenching fluorescence and heating up. As the absorbance
range of the GeNTOPs is far away from the NIR range, the absorption of the infrared
trapping laser (1064 nm) was negligible and resulted in less heating of the particles. The
GeNTOPs also had a high spatiotemporal resolution. This makes the GeNTOPs an
ideal candidate to be used in biological applications such as force measurements in cells

or of protein-protein interaction happening in microsecond time scales.In next step, I
have coupled kinesin to GeNTOPs.

6.2.2 Antireflection coated germanium microspheres for high
force measurements

Even though, the forces acquired with previously generated antireflective coated micro-
spheres [129, 130] are larger than the conventional ones, still they are not enough for
studying many mechanical events happening with high forces inside the cell. To attain
a high force, I synthesized germanium microspheres.

The microparticle synthesis has been challenging. The particle size and spericity
strongly depends on the pH and concentration of the precursors. A wrong concentration
of the stabilizer (PVP) may lead to aggregation of the particles, if it is too low, it may
stabilize unwanted shape of particles. Thus there are many reasons for the particles not
turn to aggregate. One characteristic of nanoparticles is their huge surface in comparison
to the volume. So, if there is an excess of surface stabilizing agent, this could lead to an
extremely good stabilisation of the small particles and therefore lead to a slower growth
of the particles, even after long reaction times.

To obtain the antireflective shell germanium cores were oxidized. After oxidation, the
particles were expected to become a little larger due to the lower density of germanium-
oxide in comparison to germanium itself. This effect could also not be seen for every
reaction and every oxidation time. One reason could be the uneven distribution of heat
inside the thermal oven. As expected from the measured particle sizes, all of the particles
were trappable with different trap stiffness. Unfortunately, I was not able to match one
of the regimes with the very high trap stiffness of 50 pN/(nm. W). Still I found some
particles that had a trap stiffness of about 10 pN/(nm. W). This is to my knowledge, the
highest trap efficiency measured to date [84] Due to the broad distribution of particle
sizes for the same reaction duration and the same oxidation, the trap stiffness had a large
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spread. The synthesis of germanium microparticles with different core size is possible
by controlling the reaction time. The size of the particles grows linearly with time. This
process is reproducible. Based on the theory, the oxidation time need to be optimized
to get the correct core and shell size to hit the sweet spot of highest trap stiffness.

This antireflective high trap stiffness probes can be used to reduce radiation damage or
to increase the number of particles being trapped while splitting the laser into multiple
traps or to achieve very high optical forces [156]. Laser induced heating is another
problem while performing high-force measurements [142]. Since germanium with a native
oxide layer is used as a bio-compatible material and for destroying cancer cells, the
anti-reflection coated germanium microspheres should be a good candidate for various
biological applications [124].

I can conclude by noting that it was possible to produce trappable anti-reflective core
shell germanium particles of different sizes in spherical forms. The trapping forces were
in the expected range. Thus, high trap stiffness particles can be generated and can be
used for high force measurement experiments.

6.3 Stepping mechanism of kinesin-1

The stepping mechanism of kinesin was studied with the help of GeNTOPs using optical
tweezers. From the kinesin stepping trace, we have found that data was consistent with
a model, where the kinesin hydrolysis cycle had split up into two mechanical substeps
(Fig. 6.1). With P; release from the rear and ATP binding to the front head, the rear
neck linker is un- and the front one docked favoring the dissociation of ADP from the rear
head [157, 158]. The P; release from the rear head [159] causes neck linker undocking,
or the neck linker to be in a flexible state [160]. Binding of ATP to the front head
triggers the first half of the necklinker interact with the coverstrand thus forming the
cover neck bundle. The second half of the neck linker interacts with the core motor
domain for neck linker docking [161]. ATP binding followed by neck linker docking in
the front head triggers a conformational change that accelerates the displacement of the
trailing head by ~4nm [71, 162]. In the successive substep, the ATP was hydrolysed
[66, 67, 163, 164] followed by P; release, and un-docking of the neck linker. We think
that the second ~4 nm step happened after ATP hydrolysis.

From the literature [64] and our previous data, we speculate that both heads always
remain bound to the microtubule lattice in a weakly bound state due to electrostatic
interactions. If P; is released after ATP hydrolysis from the front head before the ADP
released from the rear one, both heads enter a weakly bound state branching off from
the normal hydrolysis cycle (Fig. 6.1 and Fig. 4 in Appendix 2). Fast backward stepwise
slipping motion opposed by hydrodynamic drag and protein friction [36] was observed.
The step size while slipping back was around 8 nm which suggests that the heads interact
with the canonic kinesin-microtubule binding site. Backward 8-nm steps were rarely
observed with some short slip events (Fig. S8 in Appendix 2). The dwell time during
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the fast slipping motion can be estimated by a model for protein friction. Based on the
model the slip step dwell time was ~ 70 us. This time constant is consistent with the
dwell time measured experimentally during the fast backward sliding motion [147]. In
the rescue state, ADP is released from one of the heads and ATP can bind to the empty
nucleotide site in the front head. In the detachment state, kinesin detaches completely
from the microtubules. The cycle and process repeats goes on with alternating rescue
(80%) and detachment events (20%) from intermediate steps and states. It is also
expected that motors switch to the slip state when there is no load suggesting that
overall run lengths of motors are concatenations of processive runs interrupted by short
diffusive periods [165, 166]. Thus, with the novel nanoprobe GeNTOPs, we could clarify
the stepping mechanism and resolve a long standing controversy whether substeps exists
or not.

Our data is also consistent with other kinesin stepping models. There could be two
possible styles of how kinesin heads take 4 nm steps. Our favoured model (Fig. 6.1 and
Fig. 4 in Appendix 2) suggests that the heads slide parallel to each other during the
cycle. An alternative mechanism could be more consistent with Isojima et al.[71]. In
this model, the heads do not slide parallel to each other but ATP binding triggers the
trailing head to be rotated by 180°, while taking the first 4 nm substep. In the next
step, ATP is hydrolyzed and with ADP and P; release, the trailing head again rotates
by 180 ° while taking the second 4 nm substep. Thus, in this model heads rotate around
each other like cogwheels.
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Stepping / hydrolysis cycle

Figure 6.1: Hydrolysis cycle of kinesin-1. Side view of kinesin with two iden-
tical heads (blue and green) on a microtubule (grey spheres mark
The hydrolysis cycle is divided into a force
and ATP dependent (blue box) and hardly force and ATP depen-
dent (orange box) substep. The motors may shift to a slip state
(brown box) from which motors either detach (red box) or motility
is rescued (green box). The centre of mass, a docked neck linker
(NL) is indicated by an orange circle and magenta line, and nu-
cleotide states by D: ADP, T: ATP, : nucleotide free and P;:
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7 Conclusion and outlook

Breakthroughs in scientific methods are steering the scientific community in a success-
ful direction. The novel discoveries of features and techniques developed in this thesis
enhanced the resolution/sensitivity of optical tweezers and single molecule assays. In
summary, the performance of optical tweezers can be enhanced with the probe develop-
ment allowing new experiments in biology and physics. In this chapter, I will provide a
brief outlook of my project.

In my project, I have developed a supported lipid bilayer platform for performing
single molecule fluorescence assays. They can be widely applied for force spectroscopy,
single-molecule fluorescence microscopy and cellular assays in mechanobiology. I have
developed novel germanium nanospheres that allow a high spatiotemporal resolution
to resolve biological events happening on a microsecond time scale. 1 have applied
these novel nanoprobes to address the long standing question of whether kinesin takes
substeps. I have unravelled that kinesin’s 8 nm step is broken into two 4 nm substeps
resolving a controversy in the field. As a surprise to current models, I have found that
kinesins subjected to hindering loads never detach from microtubules directly. Instead,
motors slip on microtubules.

I have demonstrated the synthesis of GeNTOPs with a onetime wet chemical reduction
method. The one-step synthesis yielded a large amount of nanospheres. The GeNTOPs
showed a high trapping efficiency. Moreover, the synthesized GeNTOPs are biocompat-
ible. Carboxylated lipid-bilyer coated nanospheres can be used for coupling any protein
or biomolecule of interest.

The spatiotemporal resolution which I have achieved for the fast 8 nm steps on mi-
crosecond time scales, is an improvement by a factor of about 4.5x and 20x compared
to the benchmark spatial and temporal resolution (Fig. 7.1 and Fig. S9 in Appendix 2)
[167]. Thus, GeNTOPs allow us to study molecular motors without having to slow them
down.

In addition, I have also developed antireflection coated germanium microspheres to
achieve a very high trap efficiency. The correct shell formation of germanium oxide
around the core germanium will enable us to reach nanonewton forces. The trap stiffness
of antireflection coated germanium microspheres depends strongly on the size of the core
and shell. The reproducibility and to get the germanium oxide shell around the core are
the main problems, which will be solved in our lab in the near future.

Due to the high infrared refractive index, the germanium nanospheres and micro-
spheres have wide applications in various fields. GeNTOPs being non toxic, could be
a great alternative to compound semiconductor nanoparticles [139, 168]. Furthermore,
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Figure 7.1: Optical tweezers spatiotemporal resolution of molecular machines.
Red circles: 4-nm directed substeps (0-1 pN data point at 10 pM
ATP of table S2 in Appendix 2), fast 8-nm sliding steps in ADP
state (Fig. 3A in Appendix 2).

GeNTOPs are suitable for biosensing and imaging at specific wavelength ranges where
biological tissues are transparent [169], and promising for nano optoelectronic and pho-
tonics [110, 111]. These nanospheres can also be used to understand the nanoscale
ferroelectric and photoswitching behavior, an area of interest for thermoelectric, non-
volatile memory, and in solar applications. They are also used as anode materials in
the lithium-ion batteries [110] and widely applied in spintronics, thermoelectrics, pho-
tocatalysis and photovoltaic applications [110, 111].

For optical tweezers, GeNTOPs can be used to study other molecular machines like
myosins, dyneins or molecular motors like the RNA polymerase. This knowledge will
broaden our understanding of how molecular machines work in our cells. With the ultra-
resolution, GeNTOPs will enable the discovery of so far hidden conformational changes
that were either too small or too fast to be detected. An example for a fast process is
the measurement of transition states during the force-induced unfolding of proteins or
RNA [170]. Transition states encode important information about the folding mecha-
nisms in biomolecules [170]. Measuring transition states experimentally is technically
challenging because of limits in spatiotemporal resolution. The problem can be solved by
using GeNTOPs. Thus, GeNTOPs can open up new avenue for studying various single
molecules and their fast conformational changes, folding and transition states providing
insight into how proteins fold.
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Abbreviation

B
Ax

J

f‘)/

displacement sensitivity
relative displacement
step size

drag coefficient

Vproteinfriction drag coefficient during pro-

gl

Ttrap

Fgrad
Fscat
kg

ADP

tein friction
trap stiffness
wavelength
dwell time

parallel  relaxation  time  of

nanosphere

relaxation time of microsphere in
a trap

diffusion coefficient
diameter
microsphere diameter
gradient force
scattering force
Boltzmann constant
refractive index
temperature

time

adenosine diphosphate

AFM
ATP
BSA

dcoat

dcore

DLS
DNA
fe

atomic force microscopy
adenosine triphosphate
bovine serum albumin
thickness of the coating
core diameter

dynamic light scattering
deoxyribonucleic acids

roll off frequency

GeCly Germanium chloride

GeNTOP germanium nanosphere

G602
GFP

Neoat

ncore

PC
PEG
Pi
PS
PSD
PVP
QPD
SLB
SSLB
TEM
TIRF

germanium oxide

green fluorescent protein
refractive index of the coating
refractive index of the core
15:0 Phosphatidyl-choline
polyethylene-glycol

phosphate

polystyrene

position sensing device
polyvinylpyrrolidone
quadrant photo diode
supported lipid bilayer

solid supported lipid bilayer
transmission electron microscope

total internal reflection fluores-
cence microscope
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ABSTRACT: Biocompatible surfaces are important for basic
and applied research in life science with experiments ranging
from the organismal to the single-molecule level. For the
latter, examples include the translocation of kinesin motor
proteins along microtubule cytoskeletal filaments or the study
of DNA—protein interactions. Such experiments often employ
single-molecule fluorescence or force microscopy. In particular
for force measurements, a key requirement is to prevent
nonspecific interactions of biomolecules and force probes with
the surface, while providing specific attachments that can

Force T k2
-— .
Microtubule Kinesin-1

sustain loads. Common approaches to reduce nonspecific interactions include supported lipid bilayers or PEGylated surfaces.
However, fluid lipid bilayers do not support loads and PEGylation may require harsh chemical surface treatments and have
limited reproducibility. Here, we developed and applied a supported solid lipid bilayer (SSLB) as a platform for specific, load
bearing attachments with minimal nonspecific interactions. Apart from single-molecule fluorescence measurements, anchoring
molecules to lipids in the solid phase enabled us to perform force measurements of molecular motors and overstretch DNA.
Furthermore, using a heating laser, we could switch the SSLB to its fluid state allowing for manipulation of anchoring points.
The assay had little nonspecific interactions, was robust, reproducible, and time-efficient, and required less hazardous and toxic
chemicals for preparation. In the long term, we expect that SSLBs can be widely employed for single-molecule fluorescence
microscopy, force spectroscopy, and cellular assays in mechanobiology.

KEYWORDS: DNA, kinesin, microtubules, supported lipid bilayer, PEGylation, optical tweezers

In vitro microscopy, particularly when performed on the single-
molecule level, often requires samples to be attached to
surfaces.”” Commonly, specific attachment of the molecules of
interest is desired while nonspecific interactions of other
molecules and probes are undesired. To achieve both specific
and nonspecific interactions simultaneously and reproducibly
may be one of the most time-consuming and critical steps in
single-molecule assays. The simplest approach of using
nonspecific blocking proteins like bovine serum albumin
(BSA) or casein is often insufficient to meet the requirements
of the experiment.

One common approach for specific immobilization of single
molecules are silanized glass surfaces passivated with covalently
attached poly(ethylene glycol) (PEG) molecules that reduce
nonspecific interactions and fluorescent contaminations.”” "’
As a simpler alternative in terms of preparation, passivation has
been achieved using hydrophobic surfaces to which adapter
molecules like antibodies or NeutrAvidin are adsorbed for
specific attachment, while the remaining surface is blocked by
amphiphilic molecules like the triblock copolymer Pluronic
F127"'7'* or Tween 20."° However, all the above approaches
typically involve chemicals with limited shelf life or sensitivity
to humidity and harsh chemical surface treatments, which may
be hazardous, potentially harmful, and ecohostile. Also, since

-4 ACS Publications  © 2019 American Chemical Society

protocols involve many steps and depend on surface
heterogeneity'® and contamination, reproducibility of surface
properties may be compromised. In addition, when using
hydrophobic surfaces, proteins may denature.

As an alternative to PEGylation, supported lipid bilayers
have been employed for a wide range of assays.”'°~*° The
procedure to make supported lipid bilayers is simple,
reproducible, and often only requires detergent cleaning of
substrates. It is an effective approach compared to existing
methods, as it mimics the cell membrane of living cells and
prevents nonspecific surface adsorption of single biomole-
cules.”” Apart from the Langmuir—Blodgett technique,'’
supported lipid bilayers can be formed by fusing small
unilamellar vesicles to the surface'”****** or by a continuous
solvent exchange method without the need for vesicles.””’
Bilayers in their fluid'®"*%** and solid-like gel state”~*>*°
have been employed for various fluorescence microscopy
experiments down to the single-molecule level. Mechanobio-
logical experiments have been performed on supported solid
lipid bilayers (SSLBs) on the cellular level”"** but received
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little attention for single-molecule force measurements. Here,
we have optimized two SSLB systems for single-molecule force
measurement. The first system is a kinesin motor-protein assay
based on 15:0 phosphatidyl choline (PC) with covalent
attachment of tubulin antibodies and PEG molecules to
carboxylated lipids for specific binding of microtubules and
additional blocking, respectively, supplemented with the
blocking agent casein. The second system is a DNA-
tethered-microsphere assay based on 1,2-distearoyl-sn-glyc-
ero-3-phosphocholine (DSPC) in combination with BSA and
Tween 20 as additional blocking agents and biotinylated lipids
for specific attachments. For both systems, single-molecule
force measurements using optical tweezers could be
performed. Specific attachments with minimal nonspecific
interactions are shown through total internal reflection
fluorescence (TIRF) and differential interference contrast
(DIC) microscopy. Furthermore, the SSLB could be melted
using a localized heating laser demonstrating the solid nature
of the bilayer and allowing for repositioning of anchoring
points in the membrane. The results show that SSLBs can be
used as an alternative biological platform to existing surface
passivation methods for various single-molecule force spec-
troscopy studies.

Results. In a typical single-molecule, kinesin stepping assay,
microtubules are immobilized on a surface while imagin
fluorescently tagged kinesin motors using TIRF microscopy.'
For the optimized SSLB kinesin assay (see Materials and
Methods), we used a lipid mixture with a molar ratio of 4:1 of
15:0 PC and 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[carboxy[poly(ethylene glycol)]-2000] (DSPE-
COOH) with a specified melting temperature (T,) of 3S
and 74 °C, respectively. To determine the melting temperature
of the mixture, we used differential scanning calorimetry (DSC,
Figure la). For the individual lipids, 15:0 PC and DSPE-
COOH, we measured a T, of 34 and 73 °C, respectively,
consistent with the specifications. For the 4:1 molar ratio
mixture, the melting temperature was 51 °C. Bilayers were
formed by the vesicle fusion method at 65 °C allowing for
defects to anneal above the melting temperature of the
mixture.'”*>*%* Subsequently, the supported lipid bilayers
were used at room temperature, that is, below the melting
temperatures of the mixture. After SSLB formation, we
covalently coupled tubulin antibodies and 2 kDa amino-PEG
molecules to the carboxyl groups of the membrane. In this
manner, microtubules could be specifically and rigidly attached
to the SSLB while preventing nonspecific interactions of the
green fluorescent protein (GFP) tagged kinesin motors with
the remaining surface (Figure 1b). To quantify the amount of
blocking, we measured the average GFP fluorescence in the
presence of a high motor concentration in small regions of
interests (ROIs) that excluded microtubules (Figure 1c). For
our optimized, PEGylated SSLB, the ROI intensity was 414 +
2 gray values (mean =+ standard error of the mean if not stated
otherwise, N = 110) comparable to the camera background
value of 410 + 1 but much larger compared to non-PEGylated
SSLBs with 518 + 5 (N = 72). In comparison to controls of a
supported fluid lipid bilayer (SFLB), prepared in the same
manner as the PEGylated SSLB but composed of a
dioleoylphosphatidylcholine (DOPC, T,, = —17) and DSPE-
COOH mixture, and a Pluronic F127 assay with average values
of 580 + 10 (N = 60) and 423 + 2 (N = 72), respectively, the
supported solid lipid bilayer had the least amount of
nonspecific interactions. Specific interactions were present in
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Figure 1. Surface passivation using a PEGylated supported solid lipid
bilayer (SSLB) for a motor protein assay and quantification of specific
and nonspecific kinesin interactions. (a) DSC curves for 15:0 PC,
DSPE-COOH, and a 4:1 molar ratio mixture of the two lipids. (b)
Schematic representation of kinesin motility on microtubules
interacting with tubulin antibodies covalently attached to carboxylated
lipids of the SSLB. Covalently attached PEG molecules further reduce
nonspecific interactions. (c) Average ROI fluorescence intensity of
GFP-labeled kinesin-1 bound nonspecifically to surface assays using
Pluronic F127, SFLBs, and SSLBs with corresponding TIRF
microscopy images (magenta, rhodamine-labeled microtubules;
green, GFP-tagged kinesin; white, colocalization of motors on
microtubules). Example ROIs are indicated by white squares. The
dashed line indicates the average background intensity for all images.
(d) (left) TIRF image of a microtubule. (right) Representative
kymograph showing motile single kinesins on the microtubule
depicted on the left. (e) Kinesin speed histogram with a Gaussian
fit (line). (f) Run length histogram with an exponential fit (line).

all assays, as seen from the colocalization of the kinesin motors
with microtubules. Note that due to the high amount of mostly
transient nonspecific binding of the kinesin motors to the
SFLB, detection of specific binding on the single-molecule
level was difficult. To test whether the SSLB affected the
functionality of the motor proteins, we used a low kinesin
concentration to measure motility parameters of single motors
(Figure 1d—f). Based on the kymographs (Figure 1d), we
measured a mean motor speed and run length of 1.04 + 0.02
m/s (N = 143) and 1.4 + 0.2 m (best-fit value + fit error, N =
127), respectively, consistent with literature values.**™* Thus,
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SSLBs were a superior platform for single-molecule fluo-
rescence microscopy assays.

To test whether SSLBs are indeed solid and sustain loads,
we measured the force-dependent stepping behavior of
kinesin-1 using optical tweezers (Figure 2). The GFP-tagged
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Figure 2. Representative trace depicting the displacement and force of
an optically trapped microsphere driven by a single kinesin motor as a
function of time (gray and red line, raw and filtered data, respectively;
the black line corresponds to steps detected by a step detection
algorithm™). The zoomed in view shows 8 nm steps. Inset: Schematic
of the PEGylated SSLB trapping assay. A single kinesin motor bound
to an optically trapped microsphere walks on a microtubule displacing
the microsphere from the trap center by Ax. For small displacements,
the optical tweezers are a Hookean spring with a spring constant or
trap stiffness k. Thus, force is proportional to the displacement
according to F = kAx.

kinesin motors were bound to PEGylated polystyrene
microspheres via a covalently attached GFP nanobody.’”**
Under single-molecule conditions,” motor-coupled micro-
spheres were trapped by the calibrated, high-precision optical
tweezers'>*”** and placed on microtubules in saturating ATP
conditions. Single kinesin motors walked along the micro-
tubule and displaced the microsphere in a stepwise fashion
against the Hookean spring of the optical tweezers generating a
maximum force of about 5.5 pN. This force is consistent with
the literature®®*"** and ensures functionality of the motor. In
addition, we did not observe any nonspecific interactions of
microspheres with the PEGylated SSLB platform. Further-
more, individual 8 nm steps could be discerned in the
microsphere traces (zoomed in view of the trace in Figure 2).
Both the resistance to piconewton loads and the resolution of
individual nanometer-sized steps indicate a rigid attachment of
the microtubule and the solid nature of the supported lipid
bilayer. Thus, SSLBs were also an excellent platform for single-
molecule force measurements.

Is the SSLB a good platform for other biomolecules like
DNA and can it sustain higher loads? To address these
questions, we unzipped and overstretched DNA tethered
between the SSLB and optically trapped microspheres. For
DNA experiments, we used a lipid mixture with a molar ratio
of 2000:1 of 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC, T, 55 °C) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl[poly(ethylene glycol)]-
2000] (DSPE-biotin, T,, = 74 °C). The latter served as a
specific binding site for one end of the DNA. Note that in
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contrast to the kinesin assay, it was unnecessary to further
PEGylate the bilayer. For specific attachment of the other
DNA end and similar to microspheres for kinesin force
experiments, we made PEGylated polystyrene microspheres
with covalently attached NeutrAvidin or digoxigenin antibod-
es.”® First, without DNA, we tested nonspecific binding of the
microspheres to the SSLB with and without an additional
treatment of protein blocking agents always in the presence of
0.1 vol % of the detergent Tween 20 (Figure 3a). Without any
additional blocking, we found that a significant number of
microspheres (17 + 7, mean microsphere count =+ standard
deviation per field of view using LED-DIC*) interacted
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Figure 3. Surface passivation SSLBs for DNA tethered microsphere
assays and quantification of specific and nonspecific interactions. (a)
Number of nonspecifically bound PEGylated microspheres with
covalently attached NeutrAvidin to SSLBs composed only of DSPC
with and without additional blocking agents BSA and NFDM. (b)
Number of specifically (green shaded) and nonspecifically (red
shaded) bound PEGylated microspheres with covalently attached
digoxigenin antibodies to SSLBs composed of a mixture of DSPC and
DSPE—biotin. Specific binding was via DNA having biotin on one and
digoxigenin on the other end (bio-dig, SO + 10 microspheres per field
of view (FOV), mean + standard deviation). Controls used DNA
having either only biotin (bio, 1 = 1 microspheres/FOV) or
digoxigenin (dig, 0.6 + 1 microspheres/FOV) at one end, or DNA
having both tags but the SSLB was not treated with NeutrAvidin (bio-
dig — N, 0.5 + 1 microspheres/FOV). Insets: Corresponding DIC
images and schematics. The scale bar applies to all images. Note that
the field of view used for quantification with an area of 905 pm?* was
larger than the images shown.
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nonspecifically with the SSLB, presumably at defects in the
membrane.”” For SSLBs treated with BSA or nonfat dry milk
(NFDM), nonspecific interactions were reduced more than 10-
fold to a negligible level of 1.5 + 1 and 1.1 + 1 microspheres
per field of view, respectively. Even though NFDM had a better
blocking capacity, NFDM tended to form large clusters that
compromised optical tweezer measurements. In addition,
NFDM and casein led to nonspecific interactions with the
DNA particularly when it was unzipped. Therefore, further
SSLB experiments with DNA were performed in the presence
of BSA.

To test specific binding, we tethered DNA having a biotin
and digoxigenin tag at its respective ends between PEGylated,
digoxigenin-antibody-coupled microspheres and SSLBs con-
taining biotinylated lipids treated with NeutrAvidin (Figure
3b). In contrast to nonspecifically bound microspheres, all
microspheres showed tethered particle motion indicative of
specific attachment via the DNA. Controls showed again a
negligible amount of nonspecific binding (Figure 3b). Based
on the ratio of the number of nonspecifically to specifically
bound microspheres, we expect that the number of false
positives under specific binding conditions was less than 2%.
Additional controls, using digoxi§enin antibodies adsorbed to
various hydrophobic surfaces,” and Pluronic F127"° or
Tween20"” blocking treated with BSA or poly(acrylic acid),
a negatively charged polymer mimicking nonspecific binding of
DNA and blocking it, resulted in a large variation of false
positives of at least 10% up to more than 50%. Thus, our
method outperformed several other DNA attachment
methods. Taken together, the SSLB with BSA blocking
resulted in highly specific binding of DNA tethered micro-
spheres with hardly any nonspecific interactions.

To test whether the SSLB could sustain higher loads, we
unzipped and overstretched DNA with a closed hairpin (Figure
4). Loads were applied by trapping a tethered microsphere and
movin§ a piezoelectric translation stage relative to the trapping
laser.*”* From the microsphere displacement and stage
position, we calculated the DNA extension and force acting
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Figure 4. Force extension curve of a DNA hairpin with double
stranded DNA (dsDNA) handles during a stretch—release cycle
(green, stretching; orange, release; dashed black, simulation; gray, raw
data). The SSLB and tethered microsphere attachment was the same
as the specific condition in Figure 3b. Inset: Schematic of the DNA-
tethered microsphere trapped and stretched by the optical tweezers
with a partially unzipped DNA hairpin.
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on the DNA. With increasing load, first the double stranded
DNA (dsDNA) hairpin handles were stretched (<450 nm
extension) before the hairpin itself unzipped at about 15 pN
(~450—1200 nm extension), exhibiting a sequence specific
force—extension unzipping pa‘ctern.%’47 Once the hairpin was
completely unzipped, the unzipped hairpin and the double
stranded handles were further stretched (~1200—1400 nm
extension) until the latter overstretched at about 65 pN
eventually also separating the two strands of the double
stranded handles (31400 nm extension).”* Upon force release,
the overstretching of the DNA was reverted (21400 nm
extension) with a hysteretic rezipping of the handles, followed
by a reduction in extension of the handles and the opened
hairpin (~1400—650 nm extension), and a rezipping of the
bases of the hairpin with a hysteresis (~650—450 nm
extension). The black dashed line shows a simulation of the
experimental force extension curve. The simulation accounts
for the three-dimensional optical trap and is based on a
combination of an improved worm-like chain model of Marko
Siggia,** a freely jointed chain model for single stranded
DNA,* and a thermodynamic theory.”” The simulation fitted
the force—extension data very well, especially the sequence
specific unzipping pattern, allowing us to quantitatively
determine the mechanical properties of the DNA. The SSLB
DNA-tethered microsphere assay allowed for several hundred
stretch—release cycles without degradation and nonspecific
surface interactions. Together, the SSLB enabled quantitative
DNA force measurements with long-term stability and minimal
nonspecific interactions while sustaining loads up to 70 pN.
Controlling the phase transition of the SSLB provides an
additional degree of freedom not available with any other
surface passivation approach. In the fluid state of the
membrane, lipids, including the anchoring points and tethered
DNA, can be moved and organized by applying a hydro-
dynamic drag force through flow™'” or potentially by using
optical tweezers for individual manipulations. Here, we tested
whether we could switch the SSLB to its fluid phase and
reposition microspheres in a controlled fashion (Figure 5). We
used an infrared heating laser with a wavelength of 1450 nm>’
to quickly heat the aqueous buffer above the melting point of
the SSLB. Once the heating laser was turned on, individual
fluorescent dye molecules within the lipid bilayer started to
diffuse indicating that the membrane was fluid (Figure Sa).
When we switched off the heating laser, within fractions of a
second dye movement stopped consistent with the expected
solid state of the SSLB. Thus, we could control the membrane
phase on subsecond time scales allowing for a controlled,
localized membrane organization. With the heating laser
turned on, we could reposition microspheres within the heated
region using the optical tweezers (Figure Sb,c and video S1).
We demonstrate the repositioning of 35 microspheres by
writing the word “NANO” (Figure 5d and videos S2 and S3).
Discussion. In general, our optimized SSLB platforms
performed very well for single-molecule fluorescence and force
measurements. Since supported fluid lipid bilayers had been
used previously for kinesin assays,”*>"** we were surprised
that kinesin motors showed a significant amount of transient
nonspecific binding on a subsecond time scale to phosphati-
dylcholine lipids. We attribute this transient binding to
electrostatic interactions, most likely due to positively charged
regions on kinesin motors”’ with the negative charges of the
zwitterionic lipid headgroups or unreacted negatively charged,
deprotonated carboxyl groups. Due to this transient binding,
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Figure 5. SSLB phase control. (a) Single dye molecules embedded in a SSLB and imaged by TIRF microscopy as a function of time. The heating
laser was on from 0.9 to 5.8 s switching the SSLB into its fluid state. Note that some molecules bleach or blink. (b,c) Position of a microsphere
attached to the SSLB via dsDNA (b) before and (c) after repositioning using the heating and trapping lasers (video S1). The yellow arrow indicates
the repositioning process, while other microspheres serve as reference. Small differences of the reference microsphere positions between panels b
and c are due to tethered particle motion. (d) The word “NANO” was produced by repositioning microspheres with the help of the heating and

trapping lasers (videos S2 and S3).

we decided to PEGylate the bilayer. PEGylation of the SSLB
composed mostly of 15:0 PC effectively blocked nonspecific
binding (Figure 1c). However, PEGylation of the SFLB based
on DOPC still showed a significant amount of transient
binding. Apart from the mobility of the lipids, one reason for
this transient, nonspecific binding in the case of the SFLB
could be the difference in the headgroup area being larger in
the fluid compared to the solid state. The fluidity and larger
headgroup area might also reduce charge pairing of the
zwitterionic headgroups®* causing the negative charges of the
headgroups to be more accessible. The accessibility of negative
charges on non-PEGylated SSLBs might also explain why
PEGylation was not necessary for the DNA experiments. Since
DNA is negatively charged, there might be an effective
electrostatic repulsion with the bilayer. In the presence of
positively charged DNA binding proteins, PEGylation of the
SSLB might become necessary.

Based on our results, the SSLB performed similarly to the
Pluronic F127 assay. However, averaging over a long period
and many different persons, reproducibility of the SSLB assay
was higher. One reason for the variation of the Pluronic F127
assay on silanized surfaces might be the limited shelf life and
sensitivity of silanes to humidity, which varies over the seasons.
In cases where batches performed poorly, the hydrophobicity
of the substrates quantified by the water contact angle, was
often either too high or low. When the hydrophobicity is too
low, not enough antibodies may adsorb that further specific
binding is compromised. When the hydrophobicity is too high,
proteins may denature on the surface. Denatured proteins may
not be blocked sufficiently by the blocking agents increasing
nonspecific binding. Such nonspecific binding we observed
when we used the Pluronic F127 platform for our DNA assay
employing digoxigenin antibodies on the hydrophobic surface.
In this case, blocking with the negatively charged poly(acrylic
acid) worked well. However, we expect that proteins that bind
to DNA mainly through electrostatic interactions would also
bind to the blocking polymer. Therefore, also for the DNA
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assay, in particular when combined with DNA binding
proteins, we expect our SSLB assay to outperform the Pluronic
F127 assay. Moreover, the chemicals used during surface
silanization are more hazardous and toxic to the environment.
Furthermore, it took longer to block silanized slides with
Pluronic F127 (~85 min) compared to prepare SSLB slides
(~60 min), not accounting for the silanization process itself or
lipid aliquotation. Taken together, the SSLBs were a more
reliable, time efficient platform than the Pluronic F127
passivated surfaces.

In analogy to cellular assays,”’ using a SSLB for single-
molecule fluorescence and force measurements opens up the
possibility to switch the fluidity of the membrane (Figure Sa).
Using a heating laser allows switching on millisecond time
scales.”® After switching on the heating laser, we could observe
single molecules diffusing in the membrane indicating its fluid
nature. Since the laser can be used to heat a localized area,
patterning of the anchoring points can in grinciple be achieved
by the application of force through flow'” or optical tweezers.
For example, heating only a stripe and applying a flow
perpendicular to it, should move all anchoring points within
the melted strige to its boundary in analogy to DNA curtain
experiments.”'” Once a desired pattern is achieved it can be
frozen in by switching off the heating laser. We tested this idea
by repositioning individual microspheres (Figure Sb—d). Since
heating may denature the involved proteins used for
attachment and blocking, weaken noncovalent bonds, and
melt the dsDNA (i.e., reduce the force for overstretching), we
used the low-melting temperature 15:0 PC instead of DSPC
that was used for the remaining DNA experiments. Thus, we
could use less heating laser power. When we used a maximum
trapping force well below the overstretching transition, we
could only reposition about 50% of the microspheres. The
remaining microspheres could not be moved. In these cases,
the anchor point might be connected to defects in the
membrane.”” Yet, these microspheres still showed tethered
particle motion and their dsDNA tethers could be stretched
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using the optical tweezers with and without the heating laser.
Therefore, all other bonds for tether attachment were
sufficiently strong even with the heating laser turned on.
Furthermore, the low-force conditions ensured that the
dsDNA tether was not melted and strands were not separated.
Microspheres that could be moved were reattached to the
membrane by pushing them down on the membrane surface
using the trapping laser while the heating laser was still turned
on. When repositioned particles were not pushed down on the
membrane and the trap was turned off, microspheres were
mostly not attached and diffused away. Thus, we infer for the
microspheres that we could reposition that the DSPE-biotin
lipid was pulled out of the fluid membrane. Based on the
observations, we think that the lipid anchor was still connected
to the DNA-tethered microsphere and that the lipid anchor
was reinserted into the membrane after repositioning of the
microspheres. To be able to reposition all microspheres for
writing the word “NANO”, we increased the maximum
trapping force above the DNA overstretching force. We
think that for the microspheres that could not be repositioned
with a lower force, the dsDNA strands were separated by the
higher force and that upon repositioning, single-stranded-
DNA-tethered microspheres bound nonspecifically to the
surface. This nonspecific binding may explain the reduced
tethered particle motion observed for a significant number of
the “NANO” microspheres (video S3). Further optimization of
the assay is necessary to improve the repositioning process.
Nevertheless, the repositioning process is similar to the “cut-
and-paste” surface assembly using atomic force microscopy”
and opens up new possibilities for micromanipulation. In
summary, we expect that in the long term, our optimized
SSLB, allowing for the control of the membrane fluidity and
microsphere repositioning combined with an excellent block-
ing performance, will have many applications for surface
assembly, single-molecule fluorescence, and force measure-
ments.

Materials and Methods. SSLB Preparation. Flow cells
consisted of a glass coverslip sandwich separated by parafilm
strips or double sided sticky tape that define a channel as
described previously.”® The cleaning procedure is briefly
described. Coverslips were cleaned by sonication for 15 min
in 5% mucasol, extensive rinsing in distilled water, sonication
in 100% pure ethanol for 15 min, and again extensive rinsing in
distilled water. This procedure was repeated at least once.
Then coverslips were dried with filtered, dehydrated com-
pressed air, and kept in a desiccator for about 1 h at 50 mbar.
These precleaned coverslips can be stored in clean, parafilm-
sealed containers for several weeks. All lipids were ordered
from Avanti Polar Lipids, Inc. Individual lipids were dissolved
in chloroform with stock concentrations of 10—25 mg/mL.
Then, an amount of lipid solution that contained 1 mg of lipid
was placed in a glass vial. To evaporate the solvent, the vial was
placed in a desiccator overnight at SO mbar. These aliquots
were stored at —20 °C. Lipids were hydrated in 65 °C warm
SSLB buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES), 150 mM NaCl, pH 7.4) to
concentrations of 1—10 mg/mL, mixed thoroughly by
pipetting, and vortexed for 2 min to form multilamellar
vesicles (MLVs). MLV solutions can be aliquoted and frozen.
Subsequently, lipid mixtures were prepared by mixing the
corresponding amounts of single-lipid MLV solutions to
achieve the desired molar ratio between lipids. Alternatively,
minor components (less than about 10 mol % of lipids) can be
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added in their chloroform dissolved form to the aqueous lipid
solutions. For differential scanning calorimetry measurements,
a PerkinElmer 8000 DSC instrument and 10 mg of lipids from
a desiccated 1 mg/mL MLV solution were used. Small
unilamellar vesicles (SUVs) were formed by sonicating the
MLV mixture for 20 min at 65 °C. Then, solutions were filled
up with 65 °C warm SSLB buffer to 1 mL resulting in a final
total lipid concentration of about 0.5 mM. To induce fusion of
SUVs to the glass surface, S—6 uL of 0.5 M CaCl, was added
to the SUV dispersion.”” For SSLB formation, the flow cell
channels were incubated for 10 min at 65 °C with at least 50
uL of the CaCl, supplemented SUV dispersion on a hot plate.
To remove excess CaCl, and unfused vesicles, the SSLB was
washed with at least 100 yL of 65 °C warm SSLB buffer.
Incubation and washing can be repeated once. Subsequently,
SSLB coated flow cells were cooled to room temperature for
further use. If flow cell channels were closed, such flow cells
could be stored for at least 1—2 weeks at 4 °C. For kinesin
stepping assays, the SSLBs were prepared with 15:0
phosphatidyl choline (PC, 705 kDa) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy[poly(ethylene
glycol)]-2000] (DSPE-COOH, 2779 kDa) in a 4:1 molar ratio.
Based on a phosphoinositide strip (PIP) assay,”® we found that
PC and phosphatidylethanolamine (PE) groups interacted
least with kinesin-1. For the negative control measurement, the
SFLB was prepared with dioleoylphosphatidylcholine (DOPC,
786 kDa) and DSPE-COOH in a 4:1 molar ratio. For the
DNA tether pulling assay and the SSLB phase transition
experiment, 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC, 790 kDa) and 1,2-distearoyl-sn-glycero-3-phosphoe-
thanolamine-N-[biotinyl[poly(ethylene glycol)]-2000]
(DSPE-biotin, 3015 kDa) were used in a 2000:1 molar ratio.
For the microsphere repositioning experiment, 15:0 PC and
DSPE-biotin in a 2000:1 molar ratio were used.

SSLB PEGylation and Microtubule Attachment. Tubulin
antibodies and PEG molecules were covalently bound to the
SSLB via carbodiimide coupling using 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimide hydrochloride (EDC, Sigma-Al-
drich, Germany) and N-hydroxysulfosuccinimide sodium
(NHS, Sigma-Aldrich, Germany). All steps were carried out
at room temperature. To activate the carboxylic acid group of
DSPE-COOH, a freshly prepared solution of 4.5 mg of NHS
and 4.0 mg of EDC in 200 uL of coupling buffer
(PolySciences, Germany) was added to the SSLB flow cell,
incubated for 15 min, and washed out twice with 200 uL of
coupling buffer. Then, 20 uL of monofunctional a-methoxy-w-
amino-PEG (mPEG, 2 kDa, catalogue number 122000-2, Rapp
Polymere GmbH, Tiibingen, Germany) at a concentration of 1
mg/mL in PEM buffer (80 mM PIPES, 1 mM EGTA, 1 mM
MgCl,, adjusted with KOH to pH 6.9) was mixed with 20 uL
of monoclonal f-tubulin antibodies (SAP.4GS; Sigma,
Germany; specified concentration 3—6 mg/mL) diluted
100X in PEM buffer. With the antibody molecular weight of
about 150 kDa and using the lower limit of the specified
concentration, the antibody and mPEG concentrations were
about 0.2 M and S uM, respectively, resulting in a molar ratio
of antibody to mPEG of about 1:25. The flow cell was
incubated with this solution for 15 min and rinsed with 100 uL
of PEM. Taxol stabilized, rhodamine-labeled microtubules
were prepared as described previously,’® and 20 uL of
microtubules in PEM with 10 M taxol (PEM-T) were
incubated for about 10 min in the flow cell, which was
subsequently rinsed with PEM-T. Note that when the antibody
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concentration was decreased to 0.02 4M during the coupling
reaction while keeping the molar concentration of mPEG
constant, microtubules were not rigidly attached anymore.
Microtubules were also not rigidly attached when the molar
ratio of 15:0 PC to DSPE-COOH was increased to 9:1 (using
0.2 uM of antibody). Thus, more than 0.02 4uM and 10 mol %
antibody and DSPE-COOH, respectively, were required for
proper fixation of microtubules to the SSLB surface.

Preparation Times for the SSLB and Pluronic F127 Assays.
The Pluronic F127 assay was prepared as previously
described.">'**” Without the precleaning procedures, lipid
aliquotation, and silanization of the coverslips (the latter
usually taking about 1 day for a batch of coverslips requiring
harsh chemical cleaning steps), a rough estimate for the
preparation time of the Pluronic F127 assay is about 85 min
(15 min antibody incubation, 45 min Pluronic F127 blocking,
10 min microtubule binding, and about 15 min for preparation
and time between steps). The SSLB preparation time is
roughly 60 min (10 min SSLB preparation, 15 min COOH
group activation, 10 min antibody coupling, 10 min micro-
tubule binding, and about 15 min for preparation and time
between steps).

TIRF Kinesin Stepping Assay. Truncated rk430 kinesinl-
eGFP-6xHis (here called kinesin-1) was purified as described
previously.42 Kinesin-1 with a stock concentration of 12.1 mg/
mL was diluted 1000X in motility buffer (PEM with 0.16 mg/
mL casein, 1 mM ATP, and an antifade cocktail [20 mM b-
glucose, 0.02 mg/mL glucose oxidase, 0.008 mg/mL catalase,
and 10 mM dithiothreitol (DTT)]) for nonspecific binding
TIRF measurements and 10°Xx for single-molecule TIRF
measurements. Images were acquired in a custom-made
TIRF microscope at 32 °C.°” To estimate the velocity and
run length of kinesin-1 on microtubules, movies were recorded
and imaged at a frame rate of 10 frames/s. The average
intensity of GFP-tagged kinesin-1 nonspecifically bound to the
differently treated surfaces was quantified using the software
Fiji.®' Regions of interests were 28 X 28 pixel large. Results
were plotted in a combined Tukey box and violin plot. The
box corresponds to quartiles, with the inside line being the
second quartile (the median). The whiskers correspond to the
lowest datum that is still within the 1.5 interquartile range
(IQR) of the lower quartile, and the highest datum still within
1.5 IQR of the upper quartile. Data points beyond the whiskers
are considered outliers. In addition, the probability density of
the data smoothed by a kernel density estimator is shown using
the function violinplot of the package Matplotlib.

Kinesin Optical Tweezers Assay. For force measurements,
kinesin-1 was bound via a GFP nanobody’’ (gift of Ulrich
Rothbauer, NMI, Reutlingen, Germany) (13 kDa) to
carboxylated polystyrene microspheres (PS-COOH, Bangs
Laboratories, order number PCO3N/6487, diameter 590 nm,
10% solids, surface charge 28.5 peq/g) using carbodiimide
coupling as described previously’® except that nanobodies
were used instead of antibodies. GFP-nanobodies and mPEG
were coupled directly to the microspheres in a molar ratio of
1:10 000. Kinesin-1 was bound to microspheres and used in
motility buffer such that single-molecule conditions were
met.** Measurements were performed at 29.4 °C in our high-
precision optical tweezers setup.*” The trap stiffness was about
0.053 pN/nm. Signals were recorded with 25 kHz in three
dimensions with a position-sensitive photodiode imaging the
back focal plane. Data was processed using a forward and
backward filter.'">*> We developed and used a step-detection
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Python package®® based on the Chung—Kennedy filter.'**

The filter works very efficiently in particular, for large data sets
and was used here to detect steps in the kinesin traces. The
filter time was set to 4.8 ms.

Preparation of Microspheres for DNA Experiments.
Microspheres for DNA experiments were prepared similar to
the ones for kinesin experiments except for larger carboxylated
microspheres with a diameter of 820 (Bangs Laboratories,
PCO3N/11001) and the use of the Polylink Protein Coupling
Kit (Bangslabs, PLOIN, 13820) with either NeutrAvidin
(Roche) or digoxigenin antibodies (Roche) carbodiimide
coupled directly to the microspheres together with mPEG in
a molar ratio of 1:40 000 and 1:75 000, respectively.

Specific and Unspecific DNA Constructs. Three different
double stranded DNA (dsDNA) constructs with a length of
3057 bp were synthesized via a standard polymerase chain
reaction (PCR) using A-phage DNA as a template. Forward
and backward primers (Table 1) contained either a 5’-biotin
(bio), a S’-digoxigenin and internal dT-digoxigenin (dig), or
both modifications (bio-dig).

Table 1. Primers Used for Synthesis of the 3057 bp dsDNA
Binding Construct”

forward primer backward primer

(Bio)-
ATATCAACCCGGAGCTTGGA

“X denotes dT-Dig.

(Dig)-
CTTTGCATCXTCCGCACTCT

DNA Unzipping Construct. The unzipping construct was
built out of five dsSDNA segments and three single stranded
DNA (ssDNA) oligonucleotides. First, the dsDNA segments
were synthesized via PCR with the primers given in Table 2.

Table 2. Primers used for Synthesis of the Unzipping
Construct

primer” sequence

at F ATATCAACCCGGAGCTTGGA

at B P-
TACCGTTTTGTGAAGAGCCAGCTCTGATGCCAATCCAC

abF  P-CACTACAATTTGAAGAGCGAACTCAGCCAGAACGACAA

abB CTTTGCATCTTCCGCACTCT

AF P-CAAAACGGTATGAAGAGCAAACCCAAGCCAATCCCAAA

AB GCCATACGAACGAAGAGCCTGCTGCTTTTTCCGCTTTT

BF GTGTCGATGTCATTGCCCAGCACAAAAGCGGAAATC

Be ? AATTGTAGTGTGAAGAGCCCGCGCCTTTGATTTCTTTC

CF TGTGCCAACACATTGCGACTATCGCACCATCAGCCA

CB CAGTAGCTTGCATTGCAGTGCGCGTTTGATTTCCAC

“F and B denote forward and backward primers.

Three of the segments (A, B, and C) were amplified with a
standard nucleoside triphosphate mix (dATP, dTTP, dCTP,
dGTP) and the Pfu DNA Polymerase (Invitrogen) resulting in
two dsDNA spacer segments (A and B, 457 bp and 942 bp
long, respectively) and a long dsDNA segment to be unzipped
(C, 1399 bp). Two dsDNA segments were amplified with 10 of
the dTTPs replaced with Dig-11-dUTPs and Bio-11-dUTPs
and the Taq Polymerase resulting in the two attachment
segments for the top (at, 249 bp) and the bottom (ab, 295 bp)
of the unzipping construct. The dsDNA segments were
purified, digested with the nicking enzymes Nt.BspQI and
Nb.BsrDI (NEB) to produce 10 nt long ssDNA overhangs, and
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Table 3. Oligonucleotides Used for the Assembly of the Unzipping Construct

oligo
linker A—C
linker B—C

hairpin

sequence

P-TTCGTATGGCTTTTTGATACGTTCTTACCCATACTCCACCGTTGCTGTGCCAACA
P-GCAACGGTGGAGTATGGGTAAGAACGTATCTTTTTGTGTCGATGT
P-CCGGTCGTATTTTTTTTTTTATACGACCGGCAGTAGCTTG

again purified. The dsDNA segments were ligated with the
oligonucleotides listed in Table 3 and the T7 DNA Ligase
(NEB). The unzipping construct was separated from by-
products via gel purification. The resulting unzipping construct
could be tethered between a microsphere and the surface with
segment C being unzipped by pulling on the microsphere.
Unspecific Binding of Microspheres to SSLBs. Flow cells
with preformed SSLBs were incubated for 10 min with 200 yL
of three different blocking solutions containing buffer A only
(see Table 4 for buffer composition), buffer A with BSA (10

Table 4. Buffer Components”

buffer NaCl (mM) other components
A 10
B S50
C 10 10 mg/mL BSA
D 50 10 mg/mL BSA
E 50 20 mM ascorbic acid, 0.1 mg/mL BSA

“All buffers contain 0.1 vol % Tween 20 and 10 mM tris-
(hydroxymethyl)aminomethane at pH 7.3.

mg/mL), and buffer A with NFDM (10 mg/mL, Blotting-
Grade Blocker, Bio-Rad, Germany). Microspheres from the
coupling reaction were washed twice with 100 yL of buffer A,
resuspended in 10 uL of buffer A, and incubated for 15 min
with 100 uL of buffer A, buffer A with BSA, and buffer A with
NFDM. The microspheres were further spun down,
resuspended in 20 uL of the corresponding buffer, flushed
into the flow cell, and incubated for 15 min. Unbound
microspheres were flushed out with the corresponding
blocking buffer, and images of bound microspheres were
recorded with a LED-DIC microscope*’ with a field of view of
34.8 X 26.0 um®* corresponding to an area of 905 ym?.
Specific Binding of dsDNA to SSLBs. Flow cells with
preformed SSLBs were incubated with 200 uL of buffer C for
10 min and washed with 200 uL of buffer A without
NeutrAvidin. Flow cells for positive controls were additionally
incubated with 20 uL of NeutrAvidin (0.2 mg/mL) in buffer A
for S min and washed with 200 L of buffer A. Microspheres
from the coupling reaction were blocked in buffer C overnight,
washed three times with 200 uL of buffer A, and resuspended
in 20 uL of buffer A. The dsDNA constructs (100 pM) were
incubated for 10 min either in the flow cell (100 L of bio-dig
and bio) or with the microspheres (dig and bio-dig — N). Flow
cells and microspheres were washed with 200 uL of buffer A,
and microspheres were resuspended in 20 uL of buffer A.
Microspheres were flushed in the corresponding flow cells and
incubated for 15 min. Unbound microspheres were washed out
with 200 L of buffer A, and images of bound microspheres
were recorded as for the nonspecific binding experiments.
Unzipping Experiment on SSLBs. Flow cells with
preformed SSLBs were incubated with 200 yuL of buffer D
for 10 min, washed with 200 yL of buffer B, incubated with 20
UL of 0.2 mg/mL NeutrAvidin in buffer B for 5 min, and
washed again with 200 yL of buffer B. Microspheres from the
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coupling reaction were incubated in 100 pL of buffer D
overnight, washed three times with 200 uL of buffer B, and
resuspended in 10 uL of buffer B. Ten uL of 200 pM
unzipping construct in buffer B was added and incubated for
20 min. Flow cells were incubated for 10 min with
microspheres and the unzipping construct. All unbound
microspheres and unzipping constructs were washed out by
flushing the flow cell two times with 200 yuL of buffer E.
Unzipping was achieved by trapping a tethered microsphere
~160 nm above the surface with a lateral trap stiffness of about
0.7 pN/nm and moving the stage in horizontal direction with a
triangular motion with an amplitude of 4.5 ym and a speed of
4.5 ym/s in analogy to earlier experiments.** The experimental
unzipping traces were simulated with the Python package
“Unzipging Simulation”®® using the ssDNA elastic modulus S
= 0.8, a ssDNA persistence length L, =075 nm,*” and a
ssDNA contour length per base of z = 0.538 nm/base. For the
dsDNA, we used a contour length per bp of 0.338 and a
persistence length of L, 4pna = SO nm. Base pairing energies
used were “A” 1.2k, T, “T” 1.2k, T, “G” 3.4k T, and “C” 3.4k, T.
The resolution of the simulation was 1 nm.

Heating of SSLBs and Repositioning of Microspheres. The
SSLB for the phase transition experiment was composed of
DSPC supplemented with 0.0003 3,3’-dioctadecyloxacarbo-
cyanine perchlorate (DiO) (without DSPE-biotin). The
microsphere repositioning experiment was done with 15:0
PC and DSPE-biotin in a 2000:1 molar ratio. The dsDNA was
labeled with one biotin and two digoxigenins at the respective
ends (see Table 1). Microspheres were attached to the surface
with the protocol given in section “Specific Binding of dsDNA
to SSLBs”. The trapping laser power was chosen in such a way
that the maximum force of the trap was either well below or
slightly above the dsDNA overstretching force for reposition-
ing individual microspheres or writing the word “NANO”,
respectively. Without the heating laser, the temperature was
28.2 °C. With the heating laser, the temperature was above the
phase transition temperature of the corresponding lipid
mixtures.
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Video S1, Repositioning of one microsphere with the
help of the heating and trapping laser: DNA-tethered
microsphere attached to SSLB was repositioned using
heating and trapping lasers. The video first shows
tethered particle motion without heating or trapping.
Then, the microsphere in the upper left-hand corner was
trapped using the optical tweezers. Without the heating
laser, the trapped particle could not be repositioned by
moving the sample stage relative to the stationary
trapping laser. Instead, the microsphere was pulled out
of the optical trap (tested 3X). Once the heating laser
was switched on, the lipid bilayer became fluid, and the
microsphere could be repositioned. Tethered particle
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motion resumed once the optical trap was turned off.
Scale bar 5 ym. (MP4)

Video S2, Writing “NANO” by repositioning micro-
spheres: 35 microspheres were used to write the word
“NANO” by the same procedure as shown in Video S1;
45X real time; scale bar S ym. (MP4)

Video S3, Tethered particle motion of “NANO”
microspheres: tethered particle motion of “NANO”
microspheres; microspheres that show reduced or no
tethered particle motion have nonspecific interactions
with the SSLB after repositioning; scale bar S5 um.
(MP4)
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INTRODUCTION

Cytoskeletal motors drive many essential mechanical processes inside cells. For example, ki-
nesin motors are key for cell division or vesicle transport. Kinesin-1 transports cargo along mi-
crotubules by coupling ATP hydrolysis to perform mechanical work against piconewton loads.
This force generation and overall transport distance are limited by motor detachment. However,
how kinesins walk and detach is still unclear.

To simultaneously measure the nanoscale motion and forces of molecular machines, opti-
cal tweezers are often used. In the tight, mostly infrared laser focus of optical tweezers, small
dielectric particles can be trapped and used as handles for sensitive position and force measure-
ments. Because optical forces scale with the particle volume, piconewton force measurements
with nanoparticles require a high laser power. This high power leads to excessive heating and
precludes biological measurements. Therefore, for biological single-molecule measurements,
micron-sized probes are used. However, such probes have a large hydrodynamic drag and,

therefore, lack the spatiotemporal resolution to unravel important fast or small details in the
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mechanochemistry of molecular machines. These details remain hidden in the storm of Brow-

nian motion.

RATIONALE

To overcome this practical resolution limit of optical tweezers and resolve sofar hidden confor-
mational changes of proteins, we sought to compensate the volume scaling of optical trapping
forces by the use of probe materials with a very high refractive index and low light absorption.
This compensation should allow the use of nanometer-size probes and generation of piconew-
ton optical forces without detrimental heating but with improved temporal response and spatial
precision. Promising materials include silicon and germanium that become transparent in the
near-infrared with very high refractive indices exceeding 4. However, efficient methods to fab-

ricate such semiconductor nanospheres suitable for optical trapping do not exist.

RESULTS

We developed a solution-based method to synthesize germanium nanospheres. With a diam-
eter of roughly 70 nm, they are about an order of magnitude smaller compared to commonly
used microspheres and still allowed piconewton force measurements. To find out how kinesin
works mechanically, we developed an in vitro reconstituted assay. To this end, we coated the
nanospheres with a lipid bilayer (white rim in the transmission electron microscopy (TEM) im-
age) mimicking vesicles and roughly their size inside cells. When we bound kinesin-1 to these
“vesicles” and measured the interaction of single motors with microtubules under piconewton
tension, we discovered that each hydrolysis cycle is broken up in two 4-nm center-of-mass
substeps. The durations of these substeps alternated in their force and ATP dependence, with
the duration of one of the substeps being nearly independent of both parameters. Furthermore,

when subjected to hindering loads, motors never detached from the microtubule. Instead motors
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slipped along the microtubule in 8-nm steps on microsecond time scales. These slip steps are
consistent with a bond-rupture model that involves protein friction between the motor and its
track. Surprisingly, motors usually did not detach after a slip event, but reengaged in motility

that rescued cargo transport.

CONCLUSIONS

Germanium nanospheres are promising for bioimaging, sensing, optoelectronics, nanophoton-
ics, and energy storage. For optical trapping, the nanospheres open a new temporal win-
dow to uncover hidden dynamics in molecular machines. The direct observation of load-
bearing kinesin substeps resolves a long-standing controversy. Slipping and rescues should
allow load distribution and synchronization when motors operate in teams. Understanding their
mechanochemistry is important for a better understanding of cellular transport and other es-
sential molecular functions of kinesins with implications, for example, for neurodegenerative

diseases and cancer.
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Fig. 1. Ultraresolution kinesin traces with optically trapped germanium nanospheres.
Kinesins are molecular machines that transport vesicles along microtubules inside cells.
Membrane-coated germanium nanospheres (TEM micrograph, left) improved the spatiotempo-
ral resolution of optical tweezers and allowed the measurement of substeps during the normal
kinesin stepping cycle. Under load, kinesins did not detach but slipped along the microtubule,

which led to the discovery of rescues for vesicle transport.
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Kinesin motors are essential for transport of cellular cargo along microtubules.
How the motors step, detach, and cooperate with each other is still unclear. To
dissect the molecular motion of kinesin-1, we developed germanium nanospheres
as ultraresolution optical trapping probes. We found that single motors took 4-
nm-center-of-mass steps. Furthermore, kinesin-1 never detached from micro-
tubules under hindering load conditions. Instead, it slipped on microtubules
in microsecond-long, 8-nm steps and remained in this slip state before detach-
ing or reengaging in directed motion. Surprisingly, reengagement and, thus,
rescue of directed motion was more frequent. Our observations broaden our
knowledge on the mechanochemical cycle and slip state of kinesin. This state
and rescues need to be accounted for to understand long-range transport by

teams of motors.

One Sentence Summary: Optical trapping of high-refractive-index semiconductor nanopar-

ticles shows how motors detach and walk in 4-nm steps.
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Force spectroscopy on single molecular machines generating piconewton forces is often
performed using optical tweezers (/-3). Since optical forces scale with the trapped particle vol-
ume, piconewton force measurements require micron-sized probes (7, 4). While smaller probes
potentially improve the spatiotemporal resolution, laser induced heating sofar limited biolog-
ical measurements (/, 2, 4-6). Fundamental limits arise due to Brownian motion that both
molecular motors and trapping probes are subjected to (5). By temporal averaging over this
motion, discrete motor steps of size ¢ and the time between steps—the dwell time 7—can be
resolved. Such single-molecule measurements have provided unprecedented insight into essen-
tial mechanochemical processes of life (/1-3, 7). However, to resolve steps, such processes often
have to be slowed down. For example, by using low nucleotide concentrations, the benchmark,
3.4—A—DNA—base—pair—size steps of the RNA polymerase, naturally operating on a millisecond
time scale, could only be resolved on a second time scale (7). Slowing down molecular ma-
chines may not only increase dwell times but alter other aspects of the mechanochemistry (8).
The inherent trade-off between temporal and spatial precision and the resolution limit itself can
be quantified by the product §/7 (2, 5). Its smallest possible value is a constant that determines
the smallest detectable step size and/or shortest dwell time that can be resolved. Resolution
is mainly limited by the probe’s drag coefficient and linker compliance between probe and
molecular machine, but depends little on the machine itself. Thus, once instrumental noise is
sufficiently reduced, this relation implies that detecting 8-nm steps of a kinesin motor on a mil-
lisecond time scale is as challenging as measuring A-steps of a polymerase on a second time
scale (Tin . /7 b = (ORNAP/Okinesin)® = (0.34/8) ~ 0.002). Furthermore, apart from reducing
linker compliance, spatiotemporal resolution can only be significantly improved relative to the
benchmark by the use of nanometer-size optical trapping probes (2, 5). However, such probes

for piconewton-force measurements do not exist.

Cytoskeletal motors like kinesins drive many essential cellular processes by coupling ATP



hydrolysis to perform mechanical work (9). During an ATP hydrolysis cycle, kinesin motors
advance by 8 nm along microtubules against forces of several piconewton via a rotational hand-
over-hand mechanism (8, /0). While consensus develops on how kinesin motors work (71, 12)
important details remain unclear. For example, it is controversial whether intermediate me-
chanical steps in the hydrolysis cycle exist and can support load (/3-18). In optical trapping
assays (13-15), loads were applied via the motors coiled-coil, but intermediate-state measure-
ments may have lacked sufficient resolution (/6). In light scattering assays (/7, 18), gold
nanoparticles attached to one of the two motor heads provided sufficient resolution, but every
other step cannot be detected, loads cannot be applied due to heating (6), and data interpretation
may depend on the probe’s rotation and attachment point. Inside crowded cells, conditions are
far more complex. To enhance cellular transport, kinesin motors work cooperatively in small
teams (/9-22). Yet, ultimately the transport distance and force generation are limited by motor

detachment. However, how kinesins detach from microtubules is not known (20, 22).

Germanium nanospheres for ultraprecision spatiotemporal op-
tical trapping measurements

To resolve how kinesin motors take steps and detach from microtubules, we sought to en-
hance the spatiotemporal precision of optical tweezers by compensating the particle-volume-
scaling of trapping forces in the Rayleigh regime (where the probe is very small compared to
the wavelength of the light) with the use of highest near-infrared refractive index germanium
nanospheres as trappable optical probes (GeNTOPs). While various methods exist to make
semiconductor nanoparticles (23-27), none provide water-stable, monodisperse, sufficiently
large nanospheres for picotensiometry in adequate amounts. The synthesis that we developed
derives from a solution-based method (25) and resulted in uniform GeNTOPs with a size of 72

4+ 8 nm (mean =+ standard deviation, N = 100) measured by transmission electron microscopy



(TEM, Fig. 1A, see methods for details). To determine whether the spatiotemporal trapping
precision of GeNTOPs was improved compared to commonly used microspheres, we trapped
GeNTOPs in an ultrastable optical tweezers setup (28) (fig. S1, methods) and calibrated them
by a combined power spectral density—drag force method (29, 30) (fig. S2). The GeNTOP cali-
bration showed that we achieved the optical-trap spring constant, the trap stiffness x, necessary
for kinesin picotensiometry (8, 10, 13-15). Also, for the used laser power, the trap stiffness
quantitatively agreed with a Mie theory calculation based on the dielectric properties of ger-
manium at the infrared trapping laser wavelength (see methods). Thus, GeNTOPs had indeed
the expected very high refractive index of 4.4. In summary, because of the GeNTOPs’ high
refractive index and nanometric size, spatial precision is significantly improved and the trap
response time reduced by about an order of magnitude to 74,4, = v/k ~ 10 us, where 7 is the
drag coefficient (fig. S2). By using a higher trap stiffness and/or smaller GeNTOPs—achieved

through shorter reaction times—the response time can be reduced further.

Membrane-coated GeNTOPs for kinesin transport

To mimic in vivo vesicles, we coated GeNTOPs with a lipid bilayer (Fig. 1B, fig. S3, see meth-
ods). This bilayer, we functionalized further with nanobodies that bound truncated, recombinant
green-fluorescent-protein-(GFP)-tagged kinesin-1 motors hereafter called kinesin. The use of a
truncated kinesin and nanobodies minimized linker compliance. To minimize nonspecific inter-
actions, we also PEGylated the bilayer. Overall, the functionalization increased the GeNTOP
diameter to 93 4 4 nm according to dynamic light scattering (mean =+ fit error). This diameter
corresponds to the average size of neuronal transport vesicles (/9). Forces that vesicles or our
functionalized GeNTOPs experience during in vivo transport or in the optical trap, respectively,
push the cargo in contact with the microtubule. This steric constraint defines the pulling geom-

etry (Fig. 1B drawn to scale). Thus, dimensions and the force geometry when using GeNTOPs

4



are comparable to the situation inside cells. By using a low motor-to-GeNTOP ratio for fur-
ther optical tweezers experiments, we ensured that only single kinesins transported GeNTOPs
along microtubules with the expected speed and run length quantified by interference reflection

microscopy (31) (fig. S3, see methods).

Kinesin takes 4-nm steps

To dissect the kinesin gait, we trapped single-kinesin-functionalized GeNTOPs at physiological
ATP concentrations, placed them on microtubules, and recorded the kinesin-powered GeNTOP
displacement from the trap center (Fig. 1B). Based on this displacement = within the linear
response of the GeNTOPs (inset fig. S2), the Hookean spring load of the optical tweezers cor-
responds to a force F' = k. In the exemplary trace of Fig. 1C (see more examples in fig. S4),
motors slowed down with increasing hindering loads up to ~5 pN. Also with increasing force,
stepwise motion became more evident until GeNTOPs quickly returned to the trap center (in
Fig. 1C at =2.1 s). To determine step sizes and dwell times, we used an efficient, automated fil-
tering and step finding algorithm (see methods). Remarkably, instead of 8-nm steps (/0), most
forward-directed, center-of-mass steps were 4.14 £ 0.06 nm (center of Gaussian =+ fit error, in-
cluding low ATP data). Because step size was consistent with the size of a tubulin monomer and
hardly depended on force (inset Fig. 1D, fig. S5, table S1 and S2), the combined linker-motor
stiffness was very high (at least 2 pN/nm, tenfold higher compared to previous reports (5), see
methods) such that we could pool all steps together (Fig. 1D). There were only a few 8-nm for-
ward and some 4-nm, but rarely any 8-nm, backward steps (table S1). Thus, our data directly
shows that kinesin walks with 4-nm center-of-mass steps that can support load. Interestingly,
for increasing forces, the step duration appeared to be alternating between a long and short
dwell time that we denote by 71 and 7, respectively (Fig. 1C). Quantitatively, dwell time sur-

vival functions pooled from different force intervals were consistent with a single exponential



for forces below 2 pN (Fig. 1E, fig. S5, table S1). For forces above 2 pN, survival functions
were well-described by a sum of two exponentials with approximately equal amplitude. Equal
amplitudes imply that both type of dwells occurred equally often consistent with alternating
steps having different properties. While the first dwell time 7; depended on force, the second
one, Ty, hardly depended on force (blue and orange lines in top right inset Fig. 1E, see methods).
The sum of the two dwell times 7., Was consistent with a model based on the force-dependent
speed of the motor (black circles and line in top right inset Fig. 1E, see methods) suggesting
that each hydrolysis cycle is broken up into two mechanical substeps. Data recorded at low
ATP concentrations (Fig. 2, see methods) show that only the first dwell time 7; that depended
on force also depended on ATP while 7»-values at low ATP did not differ much from the high-
ATP values (table S1 and S2). Furthermore, for forces larger than 3 pN and physiological ATP
concentrations, for which we could clearly assign alternating steps, the step size of alternating
steps, always measured after the dwell, did not differ significantly (¢, = 4.03 & 0.06 nm, N =
97 and 6, = 3.94 4+ 0.06 nm, N = 88 for 7; and 75 with fit error, respectively, bottom left in-
set Fig. 1E). However, we cannot rule out that the distributions consist of two closely spaced
Gaussians with means that differ by the offset distance between neighboring protofilaments.
Nevertheless, kinesin motors walked in on average 4-nm center-of-mass steps alternating in the

force and ATP dependence of their dwell times.

Slipping, detachment, and motility rescue of Kinesin

How and in which substep do motors detach? We noticed that in about 50 % of the motility
events (N = 149), the last step before the GeNTOP quickly returned to the trap center was a
short substep (Fig. 1C, fig. S4). For the subsequent fast backward motion, we expected an ex-
ponential relaxation with a time constant corresponding to the trap response time 7,4, in case

of microtubule-motor detachment (9). However, while the backward motion directed along the



microtubule axis could be fitted by an exponential relaxation (black line in Fig. 3A), the aver-
age time constant 7] = 295 &+ 9 us (standard error unless noted otherwise, N = 149)—and all
individual ones without exception—was much larger than the trap response time. This discrep-
ancy suggests that the kinesin still interacted with the microtubule and did not detach from it
(Fig. 1C, Fig. 3A). To prevent microtubule interactions after the last step, we additionally pulled
sideways on the kinesin-coated GeNTOP during motility events. With a load perpendicular to
the microtubule axis, the relaxation time 7, after the last step was only 30.7 £ 0.8 us (N = 50)
consistent with the expected trap relaxation time in the proximity of the surface (30) and true
motor detachment (fig. S6A,B). Also, when GeNTOPs without motors were pulled along micro-
tubules, we observed the expected hydrodynamic drag, but otherwise no interactions (fig. S6C).
Close inspection of the relaxation traces along the microtubule (without sideward loads, but
with motors) revealed steps occurring on a microsecond time scale that were robustly detected
by an unbiased change-point detection algorithm (32) (Fig. 3A and further examples in fig. S7
and S8, see methods). Individual steps were composed of an exponential relaxation with a time
constant of 27 &= 3 us (N = 20) consistent with the trap relaxation time 7., and had a step size
of 7.2 £0.2nm (N =111, inset Fig. 3A)—<close to the 8 nm repeat of the microtubule lattice—
with a slip step dwell time of 71 + 4 us (N = 124) averaged over all forces. Values obtained
at low ATP did not significantly differ (fig. S7). Thus, we conclude that motors switched to a
slip state initiating fast backward motion. This motion consisted of individual slip steps in the
direction of the applied load and did not depend on ATP. To determine whether motors truly
detached from this slip state or whether motors could switch back to a motility-competent state,
we analyzed the time between subsequent motility events that we call restarting time (inset
Fig. 3B). Intriguingly, the restarting time survival function was also well described by a sum of
two exponentials having a time constant of 112 & 1 ms and 4.1 £ 0.4 s, respectively (Fig. 3B).

Two time constants imply that motility events started from two different states, possibly being



de novo binding and the slip state. The short restarting time constant that we measured is in
very good agreement with the one of a proposed “weakly bound” state (22) prior to detachment
of duration 131 4+ 14 ms. Surprisingly, 82 4+ 1% of our events had this short restarting time

constant suggesting that most motors did not detach but motility was rescued from the slip state.

Stepping and slip state model

Our data is consistent with a model for kinesin stepping that splits up the hydrolysis cycle into
two mechanical substeps. In between the substeps, the motor can branch off from the normal
stepping cycle that is tightly coupled to ATP hydrolysis and switch to an ATP independent
slip state prior to detachment or rescue of motility (Fig. 4). Overall, our model builds on and
expands previous models (8, 11, 12, 17, 33). Initially, motor heads are bound to the microtubule
with ADP and inorganic phosphate (P;) in the rear head and no nucleotide in the front one. With
ATP binding to the front head and P; release from the rear one, the rear neck linker is undocked
and the front one docked. This process triggers the first 4-nm, ATP-dependent center-of-mass
substep (Substep 7 (F,ATP) in Fig. 4). Since load is acting on the front neck linker during
docking, it may explain that the dwell time of this step also depends on force. This direct
measurement of a combined load and ATP dependent substep supports an earlier finding that
loads affect ATP binding (34). Upon ATP hydrolysis in the front head and ADP release from the
rear one, the hydrolysis cycle is completed with a second 4-nm substep (Substep 7, in Fig. 4).
Since ATP is already hydrolyzed, this substep does not depend on the ATP concentration. Also,
load is mainly acting on the docked neck linker of the former front head (blue head in panel
Substep 7 of Fig. 4). The other head has an undocked neck linker of sufficient reach to the next
binding site. To reach the transition state before locking the front head into the next binding site,
only a small amount of neck linker stretching associated with a small center-of-mass motion

may be required. This small extension may correspond to the small distance to the transition



state that we measured (see SI Sect. 1.7) and explain why the dwell time of this step does
not significantly depend on force (inset Fig. 1E and Fig. 2). The normal hydrolysis cycle is
interrupted, if P; is released from the front head directly after ATP hydrolysis and before ADP
is released from the rear head. Then both heads have ADP bound and are thought to be in a
“weakly bound” state (12, 35). We interpret this state as the ATP independent slip state (brown
box in Fig. 4) that is characterized by fast backward motion in the direction of load. This motion
was broken up in slip steps and is opposed by hydrodynamic drag and an ATP-independent
microtubule interaction that we attribute to protein friction (36). The measured slip step size
close to 8 nm suggests that the motor heads interact also in the slip state primarily with the
canonical kinesin-microtubule binding site. While we rarely observed single 8-nm backward
steps, we observed some short slip events (fig. S8). When using large microspheres with a
large drag and higher inherent upward load due to the force geometry (Fig. 1B, fig. S3, see SI
Sect. 2.2), such events may correspond to previously observed more frequent backward steps
(15), recently interpreted as slips (35). Protein friction allows us to estimate the slip step dwell
time. Based on the time constant for the fast movement back to the trap center 7| = 7ypqp +
Yprotein friction/ ki, the force-averaged friction coefficient due to friction between the motor and
its track 1S Yprotein friction = 15 nN s/m and the corresponding diffusion coefficient according to
the Einstein relation is D = kgT/Vprotein friction =~ 0.3 um?/s, where kp is the Boltzmann constant
and T the absolute temperature. Furthermore, if we model the backward movement in the slip
state by a biased one-dimensional random walk, i.e. biased diffusion, with a step size of § =
8 nm, the expected average step time is 7 &~ 62/(2D) = 70 us. This time constant is in excellent
agreement with the directly measured slip step dwell time (Fig. 3A) and supports the notion
of a weakly bound state prior to detachment (22) that we have biased by force. Unexpectedly,
in only roughly 20 % of events, motors did truly detach (red box in Fig. 4), but in 80 % of the

cases ADP must have dissociated from one of the heads rescuing directed motion (green box in



Fig. 4). We expect that motors also switch to the slip state when no load is applied. Without
load, motors should diffuse on the microtubule in the ATP independent slip state and either
detach or resume motility afterwards. Therefore, we suggest that overall run lengths of motors
are concatenations of processive runs interrupted by short diffusive periods (see SI Sect. 2.3

and (37, 38)).

Conclusions

In general, widely available, size-controllable high-refractive index GeNTOPs will enable other
applications due to having the highest near-infrared refractive index of common materials and
being a semiconductor. Germanium nanospheres are a lower-toxicity alternative to compound
semiconductor nanoparticles (23, 25), optimal for bioimaging and sensing at wavelengths bio-
logical tissues are transparent (24), promising for nanophotonics and optoelectronics (26, 27),
and may enhance energy harvesting and storage (39). As for optical trapping and relative to the
benchmark (7), the spatiotemporal resolution §/7 of the fast 8-nm steps on microsecond time
scales, is an improvement by a factor of about 4.5x and 20x with respect to spatial and tempo-
ral resolution, respectively (fig. S9). Thus, GeNTOPs do allow to observe molecular machines
without having to slow them down. In our case, the dwell time of the slip steps cannot be slowed
down by reducing nucleotide concentrations because nucleotides likely did not exchange during
slipping. For kinesins, the slip and rescue states allow motors to slip back to their team during
transport with direct reengagement in motility. This process provides a route for load distribu-
tion and motor synchronization enhancing transport. Therefore, for a better understanding of
long-range transport in crowded cells (20) and of other essential cellular functions of kinesins,

the slipping and rescue processes need to be accounted for.
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Materials and Methods
Synthesis of germanium nanospheres (GeNTOPs)

The germanium nanospheres were synthesized in an aqueous solution advancing a method of
Guo et al. (25). As substrate, 17.0 mg of germanium oxide (GeO,) and 96.0 mg of quercetin,
acting as a stabilizing agent, were dissolved in 10 ml of a 0.15M sodium hydroxide solution
each and then mixed together while stirring for 10 min and adjusting the pH to 8.8 via titration
with 37 % HCI (Solution A). Subsequently, 29.5 mg of sodium borohydride (NaBH,, reducing
agent) was dissolved as quickly as possible in 3 ml of 4 °C-cold water and stored in a refrig-
erator at 4 °C (Solution B). Then, Solution A was stirred continuously in a preheated oil bath
at 60 °C for 10 min and Solution B was added dropwise. The reaction was stopped after 5Sh
and GeNTOPs washed thrice thoroughly with water by centrifuging the sample at 13,000 rpm.
All chemicals were purchased from Sigma Aldrich and used without further purification unless
noted otherwise. Purified Type 1 water was used for all experiments (18.2 M(2cm, Nanopure
System MilliQ reference with Q-POD and Biopak filter). The size characterization analysis
was done using a TEM-Jeol 1400 plus transmission electron microscope. About 10 ul of the
GeNTOP solution was sonicated and subsequently 5 ul spotted on a TEM grid. Dynamic light
scattering resulted in a diameter of 74 + 3 nm (mean =+ fit error) consistent with the value ob-

tained by TEM.

Lipid-bilayer functionalization of GeNTOPs

After the synthesis, GeNTOPs were coated with a lipid bilayer using established methods
(40—42). Briefly, 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene glycol)-2000] (DSPE-COOH, both
from Avanti Polar Lipids, Inc.) were dissolved in chloroform (10 mg/ml). Aliquots of a 4:1

molar ratio mixture of these lipids were dried overnight in a desiccator at 50 mbar and stored
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at —20 °C. The dried lipid mixture was hydrated by adding 1 ml of 80 °C warm buffer (10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 150 mM NaCl, pH 7.4) result-
ing in a final total lipid concentration of about 0.5 mM. To form multilamellar vesicles (MLVs),
the solution was mixed thoroughly by pipetting and vortexed for 2 min. Subsequently, small
unilamellar vesicles (SUVs) were formed by sonicating the MLV mixture for 30 min at 80 °C.
The sonicated solution was centrifuged at 12,000 rpm for 15 min and SUVs collected from the
supernatant. Then, equal volumes of GeNTOP and SUV solutions were mixed. To induce
fusion of the liposomes onto the GeNTOPs, CaCl, was added to the mixture (3 mM final con-
centration) that was incubated for 45 min at 80 °C in a thermomixer using a shaking speed of
600 rpm. The membrane-coated GeNTOPs were washed thrice in three different buffers, first
with Buffer 1 (25 mM HEPES, 200 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP),
pH 7.4, 5mM EDTA) followed by washing them in Buffer 2 (25 mM HEPES, pH 7.4, 100 mM
NaCl, 0.25mM CaCl,) and then in Buffer 3 (25 mM HEPES, pH 7.4, 25 mM NaCl, 1 mM
TCEP, 0.25 mM CaCl,). After each wash, GeNTOPs were collected by spinning the sample at
13,000 rpm for 15 min and gently resuspending them. After the last resuspension step, GeN-
TOPs were lyophilized and kept at 4 °C for later use. For membrane visualization, 10 pul of
2 uM Dil lipophilic dye was added when hydrating the lipid mixture used to coat GeNTOPs.
As a control, 100 ul of uncoated GeNTOPs, was mixed with 10 ul of 2 uM Dil lipophilic dye
and incubated for 45 min. After incubation, these GeNTOPs were washed thrice with water and
suspended in 100 pl water. Both the coated GeNTOPs with the membrane dye and control GeN-
TOPs were imaged by a Leica TCS SP8 confocal microscope with an excitation wavelength of

565 nm. No fluorescence was observed for the control.
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GeNTOP PEGylation and nanobody coupling

For kinesin experiments, we PEGylated GeNTOPs and covalently bound GFP nanobodies to
them as described previously (43) with some modifications. About 0.1 g of lyophylized GeN-
TOPs were dissolved in 1 ml water. From this stock, 25 ul were washed twice with 975 ul of
2-(N-morpholino)ethanesulfonic acid (MES) buffer (50 mM, pH = 6.0) by centrifuging GeN-
TOPs at 13,000 rpm for 15 min. Before each wash cycle, GeNTOPs were vortexed and soni-
cated in a bath sonicator for 15s. Then, GeNTOPs were resuspended in 250 ul MES buffer.
After washing, GeNTOPs were vortexed and sonicated for 180s. Then, 16.4mg of 1-(3-
(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride (EDC) and 8.3 mg of N-hydroxy-
sulfosuccinimide sodium (NHS) were dissolved in 100 ul of MES buffer. From the prepared
solution, 9 ul of NHS and 15.8 ul of EDC were added to the resuspended GeNTOPs and the solu-
tion was mixed in a thermomixer for 15 min at 37 °C. Then, GeNTOPs were washed twice with
500 ul of MES buffer, resuspended in 240 ul of PBS-T (phosphate buffer saline supplemented
with 0.1 % Tween 20), and vortexed and sonicated for 90 s. Subsequently, GFP-nanobodies (44)
(13 kDa, gift of Ulrich Rothbauer, NMI, Reutlingen, Germany) and 2 kDa a-methoxy-w-amino
PEG (Rapp Polymere, Tiibingen, Germany) in a molar ratio of 1:1000 were coupled covalently
to the GeNTOPs by incubating them in a thermomixer for 1 h at 600 rpm and 37 °C. Afterwards,

GeNTOPs were washed five times with PBS-T and stored at 4 °C.

Sample preparation and assay

Experiments were performed in flow cells that were constructed using silanized, hydrophobic
glass cover slips and parafilm as described before (30, 36) but chlorotrimethylsilane (Merck
Millipore, Burlington, MA) was used to render surfaces hydrophobic. Truncated rat kinesinl-
eGFP-6xHis (rk430) was purified as described previously (8, 36). Microtubules stabilized with

taxol added after polymerization and sometimes additionally 10 % rhodamine-labeled, were
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prepared from porcine tubulin as described previously (45). Flow channels were washed with
PEM buffer (80 mM 1,4-piperazinediethanesulfonic acid (PIPES), 1 mM EGTA, 1 mM MgCls,
adjusted with KOH to pH 6.9), filled and incubated successively with anti S-tubulin I (mono-
clonal antibody SAP.4GS5 from Sigma in PEM) for 15-20 min, Pluronic F-127 (1 % in PEM) for
20 min, and microtubules in PEM for 15 min. Kinesin with a stock concentration of 12.1 mg/ml
was diluted 1000 x in motility buffer (PEM with 0.16 mg/ml casein, 1 mM or 10 uM ATP and
an anti-fade cocktail [20 mM D-glucose, 0.02 mg/ml glucose oxidase, 0.008 mg/ml catalase and
10 mM dithiothreitol]). Then 4 pl of the kinesin solution was mixed with 96 ul of 10x diluted
functionalized GeNTOPs and incubated for 10 min. About, 20 ul of this GeNTOP-motility so-
lution was flown into the channel for single-molecule force measurements. To rule out artifacts
from angled motion in the optical trap (46), only microtubules aligned with the flow cell channel

direction and perpendicular to the laser polarization (47) were chosen for experiments.

Single-molecule conditions

We measured the fraction of motile GeNTOPS p,,, & (p, (1 — pp)/N)'/? (mean = error bar) by
trapping GeNTOPs incubated with different concentrations of kinesin motors and placing them
on microtubules to await motility (43, 48). The probability that a single motor transported the
GeNTOP is p; = (1 — p,u)(1 — In(1 — p,,)) not accounting for that a motor, bound opposite
to another one, may not be able to interact simultaneously. For single-molecule experiments,
the pipetted kinesin-to-GeNTOP ratio was about 20 corresponding to a motile fraction of p,, <
30 % implying single-molecule conditions with at least 95 % confidence. To measure speed
and run length of single kinesin motors on microtubules in the absence of loads, we used a
custom-built optical tweezers setup combined with interference reflection microscopy (IRM)
(31). Motor-coated GeNTOPs were trapped and placed on a microtubule. If the GeNTOP

showed motility, the trap was turned off and IRM images were acquired at a rate of 7 frames/s.
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Based on kymographs, the mean motor speed and run length was 0.72 £ 0.05 um/s and 1.1 £

0.4 um (N = 12), respectively, consistent with our own (8) and literature values (49-51).

Optical tweezers setup, instrument noise, and calibration

Optical trapping measurements were performed in our ultraprecision optical tweezers setup
(28, 30). Briefly, the setup has near-A resolution in surface-coupled assays (fig. S1) and is
equipped with a millikelvin precision temperature control set to 29.500 °C (28). Signals of a
1064 nm trapping laser were recorded with a sampling rate of 100kHz by back focal plane
detection in three dimensions (52).

To assess the instrument noise, we tracked the position of a surface-immobilized fiducial
marker as a function of time (fig. S1A). As a marker, we used a 0.59-um diameter, polystyrene
microsphere immobilized in a 0.1 M KCI solution on a bare glass surface. The displacement
sensitivity was determined by scanning through the fiducial marker using a piezoelectric trans-
lation stage. Over 1000 s, overall drift and noise was less than 4 nm for all directions. To
compare the instrument noise to previous measurements, we calculated the power spectral den-
sity (PSD) that provides a noise measure in the frequency domain (fig. S1B). Since the total
noise relevant for the measurements is the PSD integral over the measurement bandwidth, we
also calculated the Allan deviation (28) (fig. S1C) that directly provides a useful noise criterium
in the time domain. In comparison to previous measurements done in our laboratory with the
same setup (28, 53), the instrument noise was significantly reduced by a relocation of the setup
to a room with excellent vibration and sound isolation and temperature stability (54). Previous
power spectra from our laboratory of trapped high-refractive index, anti-reflection-coated titania
microspheres (thick gray lines in fig. S1B) show a hydrodynamic resonance—the colored-noise
nature of Brownian motion (53, 55)—and demonstrate that also for trapped probes noise levels

were below 10 pm?/Hz. Our previous data marked with a cyan line in fig. SIB was obtained
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using a fiducial, surface-immobilized marker (28) and can be directly compared to our current
measurements (red, orange, and brown lines). As pointed out above, the improvement is due
to a better setup environment. Laser noise recorded without fiducial marker (thin dark gray
line in fig. S1B) and converted to displacements using the same displacement sensitivity as for
the x-direction indicate that laser pointing fluctuations were not limiting. The instrument noise
was also significantly lower compared to other high-end setups that required helium to reduce
pointing fluctuations of the laser (blue and magenta solid line in fig. S1B: trapped microspheres
used in (7) with and without helium, respectively). The dashed blue line corresponds to the
calculated power spectral density of the microspheres employed in (7) using their provided trap
stiffness and size. The solid blue line should merge with this power spectrum when extrapo-
lated to higher frequencies. Our colored-noise data of trapped titania microspheres (53) show
that in particular at frequencies below 100 Hz, our data was not limited by instrument noise
and was significantly below the data of (7). In our setup, helium was also not necessary and
noise data was recorded directly at the surface—the noise relevant for a kinesin assay. At the
surface, apart from laser fluctuations also mechanical noise is directly coupled into the sys-
tem making low-noise surface-coupled assays equally demanding compared to the dumbbell
assay employed in (7). Together, the instrument noise measurements show that the setup has
sub-base-pair noise levels in a surface-coupled assay in three dimensions at least up to a mea-
surement bandwidth of a second (fig. S1C). Thus, our spatiotemporal resolution was not limited
by instrument noise but by fundamental thermal noise of the probe.

The optical trap was calibrated by a combined power spectral density—drag force method
(29, 30). The average trap stiffness used for experiments was about 0.05 pN/nm. For the power
spectra in fig. S2, the trap stiffness was 0.0552 =+ 0.0005 pN/nm and 0.0561 + 0.0005 pN/nm
recorded at 2 yum and 5 pm distance from the surface using about 600 mW and 6.5 mW of laser

power in the focus for the GeNTOP and polystyrene microsphere, respectively. Both trap stiff-
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ness values quantitatively agreed with Mie theory calculations for our setup (47, 56, 57) using a
refractive index of 4.4 + 0.11i (58) for the GeNTOPs. Due to absorption, we measured a tem-
perature increase for the GeNTOPs at 600 mW trapping power of about 7 K above the flow cell
temperature 500 nm away from the surface using our calibration method (53). This temperature
increase is slightly more than what is expected for heating due to the trapping laser alone (59).
Since the surface acts as a heat sink (59), we expect that during kinesin experiments heating was
less. We did not notice any significant changes due to temperature, e.g. in motor speed or force

generation, compared to when using polystyrene microspheres with the same trap stiffness.

Step detection and data processing

For step detection and filtering, data was processed using an optimized, automated step find-
ing algorithm (60) based on a modified forward-and-backward filter from Chung & Kennedy
that we implemented in Python (36, 60—62). The filter works very efficiently in particular, for
large data sets consisting of millions of data points. For sufficiently large data sets, the algo-
rithm automatically finds the optimal window length for filtering and step detection according
to the following idea: if we smooth the signal with different window lengths, the standard de-
viation of the smoothed signal decreases with increasing window length as long as the win-
dow length is shorter than the dwell time of the steps. As soon as the window includes steps,
1.e. is comparable to the dwell time of the steps, the standard deviation increases again. The
window length with the lowest standard deviation is used as a proxy for the optimal window
size that we empirically chose to be 4/5 of the latter window length. To filter the data while
preserving steps, the optimal window size is used to calculate the variance-weighted mean of
the forward and backward window corresponding to the filtered data point. For our data, we
used a window size of 4.8 ms. For step detection during the fast backward motion, we used the

unbiased “Steppi” algorithm (32). In selected traces (fig. S7), the algorithm detected steps corre-
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sponding to single exponential relaxations with a time constant consistent with the trap response
time. To robustly detect sliding steps in many traces, we fixed the relaxation time constant to
the expected and exemplarily verified one. To account for the different trap response times in
the different directions parallel and perpendicular to the microtubule axis and assuming that the
hydrodynamic drag coefficient is the same in both directions (30), we chose a relaxation time of
Tk, / K| = 25 s, where | and k are the trap stiffness in the direction of the microtubule axis
and perpendicular to it, respectively, and 7, is the experimentally measured value (Fig. 3A).
The average trap stiffness of x| and x; was 0.051 £ 0.001 pN/nm (N = 149) and 0.041 +
0.001 pN/nm (N = 50). To apply sideward loads during a motility event, we manually displaced
the sample 50 nm in a direction perpendicular to the microtubule axis and relative to the station-
ary optical trap using a piezo-translation stage resulting in sideward loads of about 2 pN. For
the last short step, we measured a dwell time of 58 £ 12 ms (N = 74) longer than the average 7
value at that force indicating that the small increase of 7» with force promotes the switching to
the diffusive state. Speeds as a function of force are based on linear fits to trace segments in the
respective force intervals, where automatic threshold detection of force was based on the filtered
data. The speed (table S1 and S2) was well described by a linear force-velocity relation with
zero-load speed vy = 0.64 £ 0.02 um/s and 0.22 + 0.02 um/s and stall force F; =4.92 + 0.03 pN
and 5.1 £ 0.7 pN for high and low ATP concentrations, respectively. Based on this relation and
fitted parameters, the total dwell time for a hydrolysis cycle is Teye = (20)/(vo(1 — F/F5))
(black line in top right inset Fig. 1E and inset Fig. 2), where we used ¢ = 4.1 nm. The force de-
pendence of the substeps was modeled by 7(F) = 7o exp(Fx*/(kgT')) + Teonsi» Where for | mM
ATP and the long dwell time 7; the zero-force dwell time 7, was 0.5 + 0.2 ms, the distance to
the transition state -+ was 5.3 &= 0.4nm, and the constant 7., was 7 = 2ms (blue line in top
right inset Fig. 1E). For 1 mM ATP and the short dwell time 75, the data was best modeled by a

constant value of 6.0 + 1.6 ms (orange line in top right inset Fig. 1E). Note that for /' < 2pN,
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a single exponential modeled the data best and we used the same value for 7; and 7. For 10 uM

ATP, the zero-force dwell time 7y was 4 & 2ms and 2.1 & 0.4 ms, the distance to the transition

state ¥ was 3.8 + 0.6 nm and 1.2 4+ 0.3 nm, and the offset 7.y, Was 24 + 6 ms and zero for 7,

and 7y, respectively (blue and orange line in inset Fig. 2).
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Fig. 1. Ultraresolution kinesin traces employing optically trapped germanium

nanospheres. (A), TEM image of ~70nm germanium nanospheres (GeNTOPs).

(B),

Schematic of a kinesin motor transporting a functionalized GeNTOP along a microtubule

roughly drawn to scale including a section of a gray-shaded 0.59 um diameter microsphere

for comparison (the optical trap is too small; see text and methods for details). (C), Time

trace for a single-kinesin powered GeNTOP (100 kHz sampling rate, gray trace; filtered data,

~100 Hz bandwidth, black trace; detected steps, red line; see methods). Insets: magnified

views of substeps with definition of long and short dwell times 7; (blue shaded) and 7, (orange

shaded) with corresponding step sizes é; and d-, respectively. (D), Step size histogram with a

multi-Gaussian fit (line). Inset: Dominant step size versus force. (E), Dwell time distribution of

steps for F between 2—-3 pN with fit (red line). Inset: Dwell times (symbols) with models (lines)

versus force (top right, see methods); and cumulative distribution function (CDF) of alternating

step sizes (bottom left). 25
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Fig. 3. Ultrafast slip steps and motility rescue. (A), Magnified time traces for a single-kinesin
powered GeNTOP after the last step (gray and multicolored circles with or without sideward
load, respectively, 100 kHz sampling rate) with single exponential fits (blue and black line for
motion perpendicular (L) and parallel (||) to the microtubule axis, respectively). Multicolored
lines correspond to states detected by a change-point algorithm (32). Inset: histograms with
Gaussian fits (solid lines) of relaxation time constants 7y and 7, (same color code as single ex-
ponential fits) and slip step size for detected states. (B), Restarting-time distribution (squares)
fitted with a sum of two exponentials (line with dashed line extrapolation, N = 550). Inset: lllus-

tration of the restarting time between consecutive kinesin motility events.
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1. Supplementary Text
1.1. Linker stiffness

We estimated the linker stiffness based on the mean value of the step size, its error and load
dependence combining results from both ATP concentrations (Fig. 1D inset, table S1 and S2). The
linker is comprised of the lipid-bound nanobody and the truncated kinesin. Per substep, the force
on the motor and linker increases by the product of the trap stiffness times the substep size AF )
= k0 = 0.2 pN, where « is the trap stiffness and ¢ the measured substep size. Assuming a linear
spring, this force extends the linker by Ax; = AF ./« per step, where k, is the linker stiffness.
In general, the linker stiffness itself is thought to monotonically increase with force. The linker
extension decreases the measured step size to d = dporor — Axz, Where 8,010, 1s the step size the
motor takes. Based on these equations, the linker stiffness is k7 = AF e / (Omoror — 0) (5,10, 13).

The sum of the two motor substeps must correspond to the periodicity of the microtubule lattice,
1.e. a tubulin dimer. For our measurements, the step size of the two substeps did not differ. Thus, on
average the step size must correspond to the size of a tubulin monomer. The step size we measured
did not significantly differ from the size of a tubulin monomer of 4.09 nm determined by electron
microscopy for microtubules stabilized with taxol after polymerization (63). Also, when we fitted a
line to our combined step size data as a function of load, the line did not have a significant slope, i.e.
we could not measure a force dependence of the linker compliance. Thus, any effect on measured
step size due to linker compliance must be within the error margin of measured mean step size.
Based on the standard deviation of the means o7, we determined a lower estimate of the linker
stiffness k. 2 AFg.p / 05. When we pooled all step sizes that were determined by the step finding
algorithm from both ATP concentrations, the step size was 4.14 + 0.06 nm (Gaussian center +
fit error). Based on this error, the linker stiffness is at least 3 pN/nm. When we averaged the 10
mean step size values of table S1 and S2, the average mean step size was 4.18 + 0.09 nm (mean +
standard deviation). Based on this error the linker stiffness was at least 2 pN/nm—the value quoted
in the main text. Thus, the linker stiffness was at least one order of magnitude larger than previously
reported values (5, 10, 13) and contributed to our improved spatiotemporal resolution.

1.2. Influence of vertical forces

To initiate motility, we placed motor-coated GeNTOPs on microtubules by exerting a small
downward force of about —0.1 pN. Since the trap position was not changed during an experiment,
the applied vertical force was constant. However, this downward force normal to the microtubule
axis was not the vertical force acting on the motor, but was counteracted by the surface and/or
microtubule. The vertical force that the motor experienced was much higher, in the opposite upward
direction, and caused by the contact of the probe with the surface during motility (22,45, 64). Optical
forces act through the center of the trapped probe. Thus, the lateral force that the motor generated
during motility pushed the GeNTOP in contact with the microtubule. In this case, the vertical force
on the motor was determined by the geometry of the experiment (Fig. 1B, magnified view in fig. S3)
and was in magnitude comparable to the lateral force, i.e. in the piconewton range (64). Since the
GeNTOPs were 5-10x smaller compared to probes of previous experiments, the pulling angle and
inherent vertical force in our experiments was also much smaller compared to previous microsphere
experiments, but likely larger compared to recent experiments in the so called “three-bead assay” (64).
Since our GeNTOPs were comparable in size to vesicles that are transported in vivo, the force



geometry was similar. Therefore, we expect similar upward forces to act on the motor even in the
significantly more complex in vivo situation.

Forces normal to the microtubule axis may affect the motility of motors in different ways. For
example, vertical load may accelerate motor detachment (22, 64), and decrease stall durations (64),
run length (22), and forward speed (45). In previous experiments, we showed that motors still slipped
when upward forces were applied and that the occurrence of slips decreased with an applied upward
load (Sect. 3 and Fig. S18 in supporting information of (8)). How the slip speed itself, i.e. the slip
step dwell time, and the associated protein friction is affected by vertical force is not known. Motors
also did not rotate during slips (8). Therefore, based on these previous measurements and our current
data, we suggest that motor heads—both during regular stepping and slipping—always remain in
contact with the microtubule lattice even under vertical loads. This contact could be mediated via
electrostatic interactions, for example, with the negatively charged E-hooks of tubulin. Thus, we
think that motors do not “lift their feet” during stepping but “shuffle” them along the microtubule.

1.3. Rescues and concatenation of runs

We discovered that directed motor motility can be rescued after a slip event. Rescues occurred
after partial (fig. S8) or complete (Fig. 3) return to the trap center. In the latter case, no load was
acting on the probe during rescue. In the absence of load, motors should also enter the slip state prior
to detachment (Fig. 3, (22)). Thus, we expect that also runs of unloaded motors are concatenations
of “mini runs” (37). The number of mini runs should follow a binomial distribution with the mean
number of runs given by one over the detachment probability 7 = pc‘leltac ,+ The mini run length
itself is the total run length divided by the mean number of runs, or simply the run length times
the detachment probability. For our measured value of pg.;4cn = 0.2 and a kinesin-1 run length of
about 1 um, the mini run length is 200 nm. We expect that an individual mini run has an exponential
distribution. If the total run length would be a concatenation of always the same number of mini
runs, we would expect that the total run length should have a gamma distribution. However, with a
binomially distributed number of mini runs, the total run length is also exponentially distributed,
which we verified by a simulation.
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Fig. S1. Ultrastable optical tweezers. (A), Position of a fiducial marker as a function of time (100 kHz data
blocked to 10 Hz bandwidth). (B), Position power spectral density recorded for a fiducial marker in comparison to
the stability of the benchmark setup (Abbondanzieri et al., 2005 (7)) and previously recorded data (Mahamdeh
et al., 2009 (28) and Jannasch et al., 2011 (53); the latter features a calibration peak). (C), Allan deviation as a
function of averaging time for the same data. Note that the setup was moved from a third-floor laboratory at the
TU Dresden, Germany, where previous data (28, 53) was recorded, to a basement room at the University of
Tubingen, Germany, with excellent vibration and sound isolation and temperature stability (54).
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Fig. S2. Calibration of optically trapped germanium nanospheres (GeNTOPs). Power spectral density
(average of 40 individual power spectra recorded with the same probe) of GeNTOP (70-nm diameter, germanium
(Ge), black line) and microsphere motion (0.59-um diameter, polystyrene (PS), gray line) trapped in water.
Lorentzian-like spectra feature a calibration peak at 32 Hz (red and blue lines, fit to theory (29), see methods).
Rolloff or corner frequencies f. are indicated by vertical lines through schematic, proportionally scaled spheres.
The corner frequency serves as a measure for the available measurement bandwidth (shaded areas) and is
related to the trap response time 744, = (2rf.)~' = v/«. Because of the fluctuation-dissipation theorem, the
total area underneath the power spectra of the GeNTOP and microsphere motion is the same. However, power
is distributed differently across the frequency space with a higher corner frequency and lower positional noise
level at low frequencies for the GeNTOPs compared to the microsphere allowing for an improved spatiotemporal
resolution. Inset: lateral detector response of a surface-immobilized GeNTOP as a function of displacement
relative to the trap center (black line, linear fit red line).
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Fig. S3. Single kinesins transported lipid-bilayer-coated GeNTOPs. Fraction of motile GeNTOPs as a
function of kinesin-to-GeNTOP ratio. Data (black circles, 40 tested nanospheres per condition) with Poisson
statistics fit (transport by at least one (red line) or at least two (blue line) motors, see methods). Insets: Schematic
of a kinesin motor (GFP tagged, truncated rat kinesin rk430-GFP) transporting a functionalized GeNTOP
along a microtubule drawn roughly to scale (left). Confocal image of lipid bilayer-coated GeNTOPs with a
membrane dye confirmed the presence of the lipid bilayer (top right). Interference reflection microscopy image
and kymograph (bottom right) of a single kinesin-transported GeNTOP placed on a microtubule with the optical
tweezers (bright and dark contrast, respectively).
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Fig. S4. Exemplary kinesin traces at physiological ATP concentrations. Time traces for a single-kinesin
powered GeNTOP (100 kHz sampling rate, gray trace; filtered data, ~100 Hz bandwidth, black trace; detected
steps, red line; see methods). Long and short dwell times 71 and 7, are blue and orange shaded, respectively.
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(right column) for forces range with centers from 0.5 pN to 4.5pN (top to bottom). See table S1 for fit results.
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Fig. S6. Frictional drag coefficient based on fast backward motion. Histograms of the frictional drag
coefficient measured (A), parallel (y|, left, red shaded) and (B), perpendicular (y ., right, blue shaded) to the
microtubule axis with Gaussian fits (red and blue lines). The frictional drag coefficient for the two directions was
calculated according to y = 7k using the measured values for the relaxation time and trap stiffness (see Fig. 3
and methods). The resulting values for y| and y, are 16.0 £ 0.8 nNs/m (N = 149) and 1.24 + 0.07nN's/m (N
= 50), respectively. The latter frictional drag coefficient v, was larger than the hydrodynamic (viscous) drag
coefficient expected from Stokes drag and the measured GeNTOP size. The ratio between the measured
coefficient v, and the calculated Stokes drag coefficient is about 1.9. This increase is due to the surface
proximity (30). Based on Faxén'’s law, this ratio is consistent with the GeNTOP being 10 nm away from the
surface. (C), GeNTOP without motors dragged over a microtubule with a speed of v = 20 um/s. The motorless
GeNTOP was placed on top of a microtubule in the same manner as for motor-coated GeNTOPs that were
used for all other experiments. Then, the stage (blue line) was moved relative to the stationary trapping laser
in analogy to previous measurements (36). The lateral GeNTOP position and force F (black line) showed
the expected hydrodynamic drag F = yv consistent with the drag coefficient measured perpendicular to the
microtubule axis in (B) and a calibration directly on top of the microtubule of 1.21 + 0.09 nN s/m (fit error). Red
lines indicate average drag forces per pulling direction. The red shaded region is the overall average drag force
of 24 + 6 fN corresponding to a drag coefficient of 1.2 + 0.3 nN s/m (mean + standard deviation, N = 25). We
did not observe any interaction dragging 18 different GeNTOPs over 12 different microtubules. Note that all
drag force measurements indicate that there was no severe laser heating, which would cause a reduction in
viscosity and drag.
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Fig. S7. Exemplary kinesin traces of fast backward motion in the slip state. Colored sections correspond
to detected states fitted with a single exponential relaxation (solid lines) using the “Steppi” algorithm (32) (small
dotted lines: 95 % confidence interval; large dots: raw data). Traces 1 and 2 had no constraints (32) resulting in
a step size of 7.7 £ 0.1 nm and exponential relaxation time of 27 = 3 pus (N = 20, excluding the first step of
Trace 1). Trace 3 is an example recorded at low ATP. At low ATP, the average time constant of an exponential
relaxation for the whole trace was 7)) = 292 + 8 us (N = 20) consistent with the high ATP data (Fig. 3A). Based
on the “Steppi” algorithm without constraints, slip steps at low ATP had a step size of 7.4 + 0.3nm (N = 55)
with a corresponding dwell time of 73 + 4 us (N = 55) again consistent with the high ATP data (see main text).
For Traces 4 and 5, the relaxation time constant was fixed to 25 us (see methods). The force scale bar is based
on the average trap stiffness for the traces.
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Fig. S8. Exemplary kinesin trace with short slip events. Time traces for a single-kinesin powered GeNTOP
(100 kHz sampling rate, gray trace; filtered data, ~100 Hz bandwidth, black trace; see methods). Insets:
Magnified view of short backward slips. Colored sections correspond to detected single-exponential-relaxation
states using the “Steppi” algorithm (32). Note that slip-step dwell times appear to be longer compared to Fig. 3A
and fig. S7 potentially indicating that a second slip state may exist. In this state, one head may still be in the
ADP-P; state (37) with an undocked neck linker.
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1 pN data point at 10 uM ATP of table S2), fast 8-nm sliding steps (ADP state, Fig. 3A)). The blue line indicates
the previous microsphere benchmark (7) and the red line the current GeNTOP spatiotemporal resolution (this
work) according to the relation 5\/<T > —‘2kaT]WSNR = const, where k is the linker stiffness, N the number
of data points per step, and SNR the signal-to-noise ratio (2). The half space above the lines is observable.
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Table S1. Step size, dwell time and speed versus force at 1 mM ATP.

F \ 6+ (nm) p o-(m) p \ 71 (ms) p Tw(ms) p \ v (um/s)
0-1]4.34 £ 0.06 (217) 72 4.2 £ 0.2 (65) 22| 5.5 + 0.2 (306) 120 - —10.60 = 0.01 (134)
82+0.6(19) 6
1-2|4.25 £ 0.04 (140) 72 4.0 £ 0.2 (34) 18/10.3 + 0.8 (193) 103 - —10.43 £0.01 (110)

78+02(15) 8 82+0.6(4) 2

2-314.19 £0.04 (127) 71 4.1 £0.2 (42) 25|20.6 £ 0.1 (100) 71 2.1 £0.7 (78) 50| 0.28 + 0.01 (117)
73+05M@) 2 73+£05(0) 2

3-4[4.18 £ 0.05 (127) 85 3.9 = 0.4 (16) 10| 44.7 0.4 (84) 63 3.3+0.7(66) 49 0.18 = 0.01 (112)

78+02(7) 5
>4 (4,06 +0.03 (168) 89 43 +0.4(16) 8| 144+2(104) 60 8.8+0.2(86) 47/0.055 + 0.001 (92)
76+04(6) 3

F (pN): force, 6,,_: forward/backward step size—Gaussian center =+ fit error (N based on area underneath Gaussian
normalized by total number of steps), p (%): relative percentage, 7: dwell time based on survival function fit (N
according to relative amount), and v: speed—mean =+ standard error (N: number of trace segments fitted). All fits to
data of fig. S5. Note that only few data points correspond to forces larger than 5 pN. Also note that p-values for dwell
times directly reflect the fitted amplitude that may add up to more than 100 % indicating that some of the expected very
short steps were missed. Errors on all percentages are less than 1 %.
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Table S2. Step size, dwell time and speed versus force at 10 uM ATP.
Fl soam)  p 6-m p| m@ms) p m@ms) p|l v

0-1|4.13 £ 0.06 (53) 67 4.2 £0.2 (15) 20{30.2 £ 0.6 (44) 65 3.1 £0.2 (34) 47| 0.23 £0.01 (12)
72+£020) 13

1-2|4.15+0.03(53) 69 45+0.4(9) 11|37.8+0.7(42) 61 3.3 +0.1 (34) 49| 0.16 +0.01 (17)
7.6 +£0.36 (15) 20

2-314.05+0.03(59) 78 45+05(7) 9 (543 +0.1(40) 58 3.8 +£0.1(37) 52|0.110 £ 0.007 (13)
7.5+£0.17 (10) 13

3-414.17+0.05 (42) 70 43 +£0.2(6) 10| 131 +3 (33) 57 6.8 £0.3 (27) 45|0.056 £ 0.005 (15)
7.84 +0.36 (12) 20

>414.12+0.04 (77) 85 3.9+02(6) 7| 245+5(41) 56 8.0+ 0.3 (40) 45/0.032 +£0.004 (15)
8.12+£0.13(7) 8

F (pN): force, 6,,_: forward/backward step size—Gaussian center =+ fit error (N based on area underneath Gaussian
normalized by total number of steps), p (%): relative percentage, 7: dwell time based on survival function fit (N
according to relative amount), and v: speed—mean =+ standard error (N: number of trace segments fitted). Note that
only few data points correspond to forces larger than 5 pN. Also note that p-values for dwell times directly reflect the
fitted amplitude that may add up to more than 100 % indicating that some of the expected very short steps were missed.

Errors on all percentages are less than 1 %.
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Gold nanoparticles are intriguing because of their unique size- and shape-dependent chemical, electronic
and optical properties. Gold nanorods (AuNRs) are particularly promising for various sensor applications due
to their tip-enhanced plasmonic fields. For biomolecule attachment, AuNRs are often functionalized with
proteins. However, by their intrinsic size such molecules block the most sensitive near-field region of the
AuNRs. Here, we used short cationic thiols to functionalize AuNRs. We show that the functionalization
layer is thin and that these polycationic AuNRs bind in vitro to negatively charged microtubules.
Furthermore, we can plasmonically stimulate light emission from single AuNRs in the absence of any
fluorophores and, therefore, use them as bleach- and blinkfree microtubule markers. We expect that
polycationic AUNRs may be applicable to in vivo systems and other negatively charged molecules like
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Introduction

The plasmon-enhanced scattering and absorption of gold
nanoparticles enable many different applications.”* Of partic-
ular interest is the rod shape of AuNRs because the plasmon
resonance can be tuned over a wide range from visible to near-
infrared wavelengths.>® Beyond roughly 600 nm, gold has little
interband transitions resulting in low plasmonic damping and
large field enhancements at the AuNR tips. Therefore, the
plasmonic resonance can be exploited for the enhancement of
fluorescent dye signals or sensory fields.*® Importantly, plas-
monically excited photoluminescence—without the use of flu-
orophores—enables AuNRs to be used as non-blinking and
non-bleaching luminescent probes.* Furthermore, the AuNR
shape provides a transverse and longitudinal geometrical axis
with different optical properties that enable angular measure-
ments with polarized light.>*” When the strong plasmonic field
enhancement around the AuNR tips is combined with other
resonators such as whispering gallery modes, it can further
boost single-molecule measurements. In this manner, AuNRs
may serve as ultrasensitive nanoantennas that even enable the
detection of single-ion binding events on nanosecond time
scales.>® The binding and turnover of single ions and mole-
cules, for example during adenosine triphosphate (ATP)
hydrolysis, are key to the conformational changes of molecular
machines that drive essential cellular processes such as cell

Eberhard Karls Universitit Tibingen, Cellular Nanoscience (ZMBP), Auf der
Morgenstelle 32, 72076 Tiibingen, Germany. E-mail: erik.schaeffer@uni-tuebingen.
de; Fax: +49 7071 295042; Tel: +49 7071 2978831
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for molecular machines that interact with microtubules.

division and transport.’*** Yet, while consensus is developing
on how motor proteins like kinesin operate'®' important
molecular details on how nucleotide states are related to
conformational changes remain unclear. One reason is that
tools are lacking to simultaneously detect molecular binding
events and related conformational changes with sufficient
spatiotemporal resolution.

During a hydrolysis cycle, kinesin transport-motors advance
by 8 nm along a microtubule filament via a rotational hand-
over-hand mechanism.” Conformational changes of indi-
vidual motors are often deduced from stepping or gliding
assays, in which motors step on individual surface-attached
cytoskeletal filaments, here microtubules, or surface-attached
motors power filaments to glide over surfaces, respectively.
Label-free microtubules can be visualized using dark field
microscopy*® or interference-based microscopy methods such
as differential interference contrast (DIC),""** interference
reflection microscopy (IRM),*' or interferometric scattering
microscopy (iSCAT).”” For fluorescence microscopy, microtu-
bules can be polymerized from fluorescently labeled tubulin®
or be visualized by immunofluorescence, i.e. using fluorescently
labeled tubulin antibodies.* Since antibodies are large, fluo-
rescently labeled tubulin nanobodies have been developed
more recently.”® For better photophysical properties and
reduced photobleaching, not avoiding blinking though,
quantum dots can be used for microtubule labeling.*® Various
microscopy techniques, often combined with optical tweezers,
are used to gain molecular information from motor-
microtubule assays.*®***”"* In gliding assays, AuNRs attached
to microtubules were used to track translational or rotational

Nanoscale Adv., 2020, 2, 4003-4010 | 4003
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motion using DIC.”** Based on resonance-enhanced scat-
tering, gold nanoparticles attached to kinesin motors them-
selves provided sufficient contrast to resolve intermediate steps
and conformational changes during the stepping cycle.>"* Still,
the above-mentioned techniques are limited to resolve trajec-
tories of motor motion and conformational changes that can
only indirectly be correlated with chemical changes. AuNR-
antenna-related techniques with the sensitivity to detect
single ions on a nanosecond timescale open up the vision to
directly and simultaneously measure conformational and
chemical states of motor proteins during a hydrolysis cycle. As
a first step towards this challenging goal, here we developed
a method to bind AuNR nanoantennas close enough to micro-
tubules such that motor proteins can walk through the most
sensitive, tip-enhanced antenna volume of the AuNRs. Gold-
nanoparticle-microtubule attachments are so far based on
direct synthesis of irregularly shaped gold particles onto
microtubule templates, or antibody or biotin-binding-protein
functionalized gold nanoparticles.>”>*3*3¢ Such attachments
may compromise nanoantenna-based motor sensing: Neu-
trAvidin and antibody coatings with a size of about 5 nm (ref.
37) and 10 nm,* respectively, block the most sensitive region of
the plasmonic near-field below 10 nm (ref. 4 and 39-41) that is
also important for whispering-gallery-mode-amplified sensing.
Moreover, in the presence of proteins, gold nanoparticles may
aggregate or denature proteins in contact with the gold
surface.”” To prevent aggregation of AuNRs, standard stabili-
zation detergents such as cetyltrimethylammonium bromide
(CTAB) are used resulting also in several nanometer-thick AuNR
coatings.***** Even though often used, CTAB-coated AuNRs are
disadvantageous because they are cytotoxic and require a high
CTAB concentration to prevent the colloidal suspension from
aggregation.**™® Alternatively, for usage in biological systems
and reduced cytotoxicity, AuNRs have been charge-stabilized
with (11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide (MUTAB).*” Here, we followed the latter approach and
used the thin, covalently bound, cationic MUTAB monolayer to
attach the AuNRs via electrostatic interactions to the negatively-
charged, unstructured E-hooks located on the outer surface of
the hollow microtubule cylinder.*® To verify the coating thick-
ness and binding orientation of the MUTAB AuNRs relative to
microtubules, we used transmission electron microscopy
(TEM). Combined total internal reflection fluorescence (TIRF)
and interference reflection microscopy (IRM) confirmed coloc-
alization of MUTAB AuNRs with microtubules by detecting
rhodamine-labeled MUTAB AuNRs or directly the photo-
luminescence of MUTAB AuNRs without any fluorescent labels
for longterm, bleach- and blinkfree imaging. Furthermore, we
optimized the glass surface itself for specific microtubule
binding as close as possible to the surface to allow—in the
future—for highest whispering gallery mode contrast while
minimizing non-specific interactions of AuNRs.

Results

For MUTAB coupling of AuNRs, we synthesized AuNRs via a two-
step wet chemical method using CTAB as a stabilizing agent*®
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(molecule 1 in Fig. 1A top left, see Methods). Analyzing TEM
images of AuNRs showed that they were 43 + 4 nm long and 17
+ 1 nm wide with an aspect ratio of 2.6 + 0.3 (means with
standard deviations, N = 34, Fig. 1B). We measured a corre-
sponding longitudinal surface plasmon resonance at about
675 nm using a spectrofluorometer. The negative staining also
showed an irregular, about 4 nm thick coating around the
AuNRs that we attribute to CTAB. We did not observe a regular
coating theoretically expected for a bilayer. In agreement with
the literature,”” CTAB AuNRs were not stable under physiolog-
ical buffer conditions. Because of the coating thickness and
aggregation, we exchanged CTAB with MUTAB (molecule 2,
Fig. 1A top row).” MUTAB functionalization successfully
charge-stabilized the AuNRs for usage in physiological buffer
and created a polycationic surface. We verified the positive
charge and electrostatic repulsion between AuNRs by
measuring their zeta potential of 31 + 2 mV (mean with stan-
dard deviation, N = 3). In the TEM images, the MUTAB mono-
layers appeared as a smooth, about 1-2 nm-thick coating
(Fig. 1C), much thinner compared to the irregular CTAB layer
(Fig. 1B). Based on the chemical structure, the expected thick-
ness is even below 1 nm. As an independent size measurement,
we performed dynamic light scattering experiments. MUTAB
AuNRs had an effective size of 43 £ 1 nm (mean with standard
deviation, N = 36) consistent with the TEM measurements. In
contrast, CTAB AuNRs had a size of 51 £ 8 nm (mean with
standard deviation, N = 36). The difference in the mean values
between CTAB and MUTAB AuNRs and the larger CTAB AuNR
standard deviation are consistent with the irregular, 4 nm thick
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Fig. 1 (A) A gold nanorod (AuNR) coated with an adsorbed CTAB
(molecule 1) bilayer is functionalized with MUTAB (molecule 2) to
create a monolayer of cationic ligands covalently bound to the
nanorod surface via gold—thiol bonds (top row). Alternatively, MUTAB
was complemented with a rhodamine—PEG-thiol derivative (RH-
PEG-SH, n = 77, molecule 3) as a fluorescent label. Negative-stained
TEM images of (B) CTAB-coated and (C) MUTAB-functionalized
AuNRs.
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CTAB coating observed in the TEM images. Together, the data
suggests that MUTAB functionalized AuNRs have a stable,
homogeneous, and thin polycationic coating.

To test whether the polycationic MUTAB AuNRs interacted
with the negatively charged microtubules (Fig. 2A), we incu-
bated microtubules with AuNRs in physiological buffer and
prepared them for TEM imaging (Fig. 2B-G). Most MUTAB
AuNRs were bound to microtubules (Fig. 2B). We expected
AuNRs to bind with their long axis parallel to the microtubules
axis as this orientation would maximize the area of interaction
(Fig. 2A). However, most AuNRs were tip bound (42% out of N =
154 AuNR-microtubule colocalizations distributed over five
batches, Fig. 2E). Only, 12% were parallel and another 12%
somewhat tilted relative to the microtubule axis (Fig. 2C and D).
Furthermore, 25% of the colocalizations contained clusters of
more than one AuNR (Fig. 2F) and 41% of these clusters bridged
two or more microtubules similar to the AuNR cluster in the
middle of Fig. 2G. Single AuNRs that bridged microtubules
amounted to 9% (Fig. 2G). Overall, AuNRs were bound to
microtubules in various orientations.

To colocalize AuNRs with microtubules in vitro under phys-
iological buffer conditions and rule out TEM preparation and
fixation artifacts, we imaged AuNRs and microtubules using
IRM and TIRF microscopy? (Fig. 3-5). To visualize AuNRs via
fluorescence, we first coupled a rhodamine B derivative (mole-
cule 3 in Fig. 1A) in addition to MUTAB to AuNRs (Fig. 1A). To
prevent quenching of the fluorophore by the AuNR,* we chose
a dye that had a 3.4 kDa polyethylene glycol (PEG) linker with
a contour length of about 21 nm. Since the dye is also cationic,
the rhodamine-MUTAB AuNRs' measured zeta potential of 30 £
5 mV (mean with standard deviation, N = 3) was not
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Fig. 2 (A) Proposed electrostatic interaction between a cationic
MUTAB (blue) functionalized AuNR and the negatively charged E-
hooks (red) of the microtubule (MT). (B) Overview TEM image of AUNR-
decorated microtubules. Close-up view of AuNRs bound in a parallel
(C) or tilted (D) fashion, bound with their tips (E), as a cluster (F), or
bridging microtubules (G). Case percentages of microtubule-AuNR
colocalizations are indicated in the schematic insets.
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Fig. 3 (A) For fluorescence microscopy, AuNRs coated with MUTAB
(blue, positively charged) and rhodamine (magenta star) were attached
to a microtubule (MT, red, negatively charged) bound via an antibody
(AB, dark cyan) to a surface (gray) that was PEGylated with the
poloxamer Pluronic F127. (B) IRM, (C) TIRF, and (D) IRM-pseudocolor—
TIRF overlay image of single rnodamine-MUTAB AuNRs bound to
a single microtubule (see Methods for details on the pseudocolor
overlay).

significantly different from the MUTAB AuNRs without the dye.
The size of 49 + 3 nm (mean with standard deviation, N = 36)
determined by dynamic light scattering indicates a small
increase in size most likely due to the PEG linker. For in vitro
assays using the fluorophore-labeled AuNRs, we tested different
methods how microtubules were bound to surfaces to minimize
nonspecific interactions and the microtubule distance to the
surface.

First, we tested a common microtubule immobilization
assay for single molecule measurements based on hydrophobic
surfaces.***>** In this assay, antibodies are adsorbed for specific
attachment of microtubules, while the remaining surface is
blocked by PEGylation by means of adsorption of the triblock
copolymer Pluronic F127 (Fig. 3A). As opposed to the TEM
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Fig. 4 (A) AuNRs coated with MUTAB (blue, positively charged) and
rhodamine (magenta star) bound to a microtubule (MT, red, negatively
charged) attached to an APTES (dark cyan, positively charged) coated
surface (gray). (B) IRM, (C) TIRF, and (D) IRM-pseudocolor-TIRF
overlay image of a high density of rhodamine—MUTAB AuNRs bound
to two intersecting microtubules (see Methods for details on the
pseudocolor overlay). Bright spots in (C) and (D) may be due to AuNR
clusters.
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plasmon
stimulated
luminescence

Fig. 5 (A) AuNRs for plasmonic excitation and photoluminescence
emission without fluorophores (magenta). AuNRs were only coated
with MUTAB (blue, positively charged) interacting with a microtubule
(MT, red, negatively charged) attached to an APTES (dark cyan, posi-
tively charged) coated surface (gray). (B) IRM, (C) TIRF, and (D) IRM—
pseudocolor—TIRF overlay image of AuNRs bound to a single micro-
tubule (green/cyan indicating different microtubule-surface distances,
see Methods for details on the pseudocolor overlay). Note that no
fluorophores were present and that AUNR markers did not blink or
bleach.

assays, microtubules were first attached to the surface and
subsequently incubated with a low concentration of rhoda-
mine-MUTAB AuNRs. In the IRM image, microtubules close to
the surface and a few AuNRs appear dark due to destructive
interference® (Fig. 3B). Since small fragments of microtubules
also generate dark, point-like IRM signals comparable to the
ones from AuNRs, we imaged the rhodamine-MUTAB AuNRs
simultaneously using TIRF microscopy (Fig. 3C). Two of the
dark IRM spots also showed up in the TIRF image and colo-
calized with the microtubule (Fig. 3D). Taken together, AuNRs
were bound to microtubules in in vitro assays under physio-
logical buffer conditions, showed little interaction with the
remaining surface, and could be reliably identified by combined
IRM and fluorescence microscopy.

Next, we tried to minimize the microtubule distance to the
surface and increased the AuNR decoration density such that
the whole contour of the microtubule becomes marked by the
AuNRs (Fig. 4). Antibodies, having a size of about 10 nm, act as
spacers keeping microtubules away from the surface, and,
therefore, reduce the near-field sensitivity of whispering gallery
mode resonators if such resonators were to be used for detect-
ing microtubule-associated molecular machines. To reduce the
microtubule distance to the surface, we coated surfaces with 3-
aminopropyltriethoxysilane (APTES, Fig. 4A). Ideally, for
a monolayer, we expect the coating to be about 1 nm thick,>*
positively charged under the used buffer conditions, and to
bind the negatively charged microtubules.” As with the PEGy-
lated surface, we first bound microtubules to the surface and
then incubated them with a 10-fold higher concentration of
rhodamine-MUTAB AuNRs compared to Fig. 3. The IRM image
(Fig. 4B) showed a mostly homogeneous dark contrast for the
microtubules as expected for objects in surface proximity.®
Qualitatively, already undecorated microtubules appeared
darker on APTES surfaces compared to the PEGylated antibody
surfaces indicating a smaller microtubule-surfaces distance for
the APTES surface.”® The decoration with the AuNRs increased
the dark contrast further. Based on the TIRF and overlay images
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(Fig. 4C and D, respectively), microtubules were fully decorated
with rhodamine-MUTAB AuNRs. Additional, bright spots indi-
cate the presence of AuNR clusters also seen in the TEM images
(Fig. 2B and F). Furthermore, AuNRs next to the two long
microtubules are possibly bound to smaller microtubule frag-
ments and/or tubulin oligomers that were also present in the
sample. Summarizing, microtubules were bound very close to
the surface and highly decorated with polycationic AuNRs.

To be independent of fluorescent dyes and have probes that
do not blink or bleach, we excited the intrinsic one-photon
luminescence of AuNRs without any fluorophores (Fig. 5
using MUTAB AuNRs schematically illustrated in the top right
of Fig. 1A). To this end, we used shorter and thicker AuNRs with
a longitudinal localized surface plasmon resonance of 570 nm
that we could image in the red channel of our TIRF microscope.
We also stabilized these AuNRs with a size of 40 x 25 nm” by
MUTAB and incubated them with microtubules bound to
APTES coated surfaces (Fig. 5A). The exemplary IRM image
(Fig. 5B) shows a microtubule that had some parts of it elevated
several tens of nanometers above the surface (white sections).
The TIRF image shows the photoluminescence of a few MUTAB
AuNRs with a brightness comparable to the one of rhodamine-
MUTAB AuNRs under the same imaging conditions (Fig. 5C).
Also under these conditions, most AuNRs colocalized with
microtubules (Fig. 5D). The intensity of the individual spots in
the TIRF image did not fluctuate beyond photon shot noise and
did not show any signs of bleaching over the imaging period.
We could image AuNRs for at least 10 min using 50 mW of
output power for excitation—10x more compared to the exci-
tation power used for Fig. 5C—without any signs of signal loss.
Thus, the plasmon resonance could be used to stimulate pho-
toluminescence of the AuNRs without any fluorophores.

Discussion & conclusions

We synthesized charge-stabilized, polycationic AuNRs that bind
directly, free of protein coatings, with hardly any separation to
microtubules in in vitro assays under physiological buffer
conditions. Most likely, the specificity is mediated through
electrostatic interactions. These interactions are also consistent
with the notion that the MUTAB AuNRs were electrostatically
repelled from the positively charged APTES surface attaching
selectively to microtubules without any antibodies or further
surface blocking (Fig. 4). Interestingly, the TEM images showed
that many AuNRs were not bound parallel to the microtubule
axis but via their tips (Fig. 2). This binding orientation may
indicate that the tip-enhanced fields augment the electrostatic
interaction causing tip binding to dominate over lateral
contacts. Charge-stabilization allowed us to work with high
AuNR concentrations, enabling high decoration densities of
AuNRs that make the whole microtubule visible via the AuNR
marker (Fig. 4). Since AuNRs have the capability to bridge
microtubules and potentially bundle them, the order of
reagents, concentrations, and incubation times have to be
optimized if bundling is undesired. In analogy to microtubule
bridging, AuNR clusters might be due to remnant tubulin or
tubulin oligomers cross-linking AuNRs. In pure buffer without

This journal is © The Royal Society of Chemistry 2020
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proteins, we observed little clustering. We do not know whether
the TEM sample preparation influenced the binding orienta-
tion. But since AuNRs resisted washing cycles with a large
hydrodynamic drag during sample preparation, we conclude
that AuNRs were strongly bound to microtubules. Also, we did
not observe any visual movement of the AuNRs during image
acquisition. In the TEM images, the microtubule lattice struc-
ture appeared to be intact and not influenced by the bound
AuNRs. Occasionally, small lattice defects were visible near
bound AuNRs. However, it remains unclear whether defects
were due to the AuNR, already present before the AuNR bound,>*
or due to the sample preparation. Fully decorated microtubules
observed by optical microscopy (Fig. 4) indicate that no major
damage was inflicted by the AuNRs. Some variations in plasmon
stimulated luminescence between individual AuNRs might
indicate that AuNRs were tip-bound and due to polarization
effects were not well excited.>>*® Nevertheless, because of the
strong binding of MUTAB AuNRs to microtubules, we speculate
that MUTAB AuNRs should also bind to and mark—in vitro and
potentially also in vivo—other negatively charged molecules or
organelles like DNA or mitochondria, respectively. While in
vitro, there is usually a controlled number of negatively charged
molecules present allowing for AuNRs to be used as a specific
marker, in vivo there are more non-specific interactions.
Nevertheless, due to the law of mass action, we expect the
AuNRs to preferential bind the most negatively charged mole-
cules and organelles.

For photoluminescence, we first functionalized the MUTAB
AuNRs with rhodamine via a PEG linker for fluorescence
microscopy. One contribution to the bright fluorescence, we
observed for single AuNRs (Fig. 3), could be the electrostatic
repulsion between the cationic dye and the cationic MUTAB
surface. This repulsion could increase the extension of the
21 nm long PEG linker and thereby further decrease quenching
that is often observed for fluorophores in close proximity to gold
nanoparticles.” More importantly, without fluorophores, we
could plasmonically stimulate the intrinsic luminescence of
MUTAB AuNRs with comparable brightness to rhodamine-
labeled MUTAB AuNRs. Using either photoluminescence or
scattering, we successfully showed colocalization of single or
multiple AuNRs with microtubules using a combination of IRM
and TIRF microscopy. In particular, the plasmonic microtubule
markers enable longtime observation of microtubules by TIRF
microscopy without blinking and bleaching effects.

Finally, the MUTAB AuNRs' attachment via the thin cationic
monolayer to microtubules leaves the plasmonically tip-
enhanced areas accessible. Such AuNRs could be used as
roadblocks to understand how kinesin and other microtubule-
based motors bypass obstacles.”””*° If motors have a fluores-
cent tag, bypassing of motors in the proximity of the AuNR tips
might show up as a transient increase in fluorescence.* A direct
encounter may lead to a pause in translocation. In the long
term, to correlate translocation with conformational and
chemical states of molecular machines that interact with
microtubules, MUTAB AuNRs could be used as nanoantenna
sensors in combination with whispering gallery modes allowing
for a detailed molecular insight into how such machines work.

This journal is © The Royal Society of Chemistry 2020
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Methods

All chemicals were purchased from Sigma Aldrich and used
without further purification unless noted otherwise. Purified
Type 1 water was used for all experiments (18.2 MQ c¢m, Nano-
pure System Milli-Q reference with Q-POD and Biopak filter).

Gold nanorod synthesis

Gold nanorods were prepared by a common seeding-growth
method.* First, gold seeds were generated and second, these
seeds were further grown to a rod shape by the structure
directing aid of silver nitrate. Gold seeds were prepared by
adding subsequently 125 uL of 0.01 M HAuCl, and 300 pL
NaBH, to 3.75 mL 0.1 M CTAB solution while stirring vigorously
for 2 min. Afterwards, the seed solution was left undisturbed in
the dark for 2 h at room temperature of about 25 °C. The growth
solution was prepared in 42.75 mL of a 0.1 M CTAB solution by
consecutively adding the following substances: first, 1.8 mL of
0.01 M HAuCl, was added and gently stirred for 1 min and,
second, 270 pL of an aqueous 0.01 M AgNO; solution and 288 pL
of an aqueous 0.1 M ascorbic acid solution were added and
stirred for 20 s. After this step, the yellowish color of the HAuCl,
solution should turn colorless indicating its reduction. Imme-
diately after the reduction, 189 uL of the seed solution were
mixed into the growth solution and stirred for 60 s. This solu-
tion turned purple after 30 min and was allowed to rest undis-
turbed and in the dark over night at room temperature.

For luminescence measurements, AuNRs (0.38 nM, A12-25-
550-CTAB-DIH-1-25) with a length and width of 40 nm and
25 nm, respectively (aspect ratio 1.6) were purchased from
Nanopartz Inc. (Loveland CO, USA). The plasmon resonances
were specified as 525 nm and 570 nm.

Gold nanorod functionalization

Synthesized AuNRs were washed, concentrated by 30 min ultra-
centrifugation at 30 000g, and redispersed in 4 mL of water. An
upper estimate for the AuNR concentration based on a theoret-
ical yield of 100% is about 12 nM for the redispersed samples.
Additionally, two 15 min washing steps at 11 000g ensured
a clean product ready for functionalization. In the last washing
step, AuNRs were concentrated to 1 mL. 80 mg of MUTAB were
weighed and stored under nitrogen. Under vigorous stirring,
MUTAB was dispersed in 3.7 mL of pure water plus optionally
0.3 mL of 14.7 mM rhodamine-3.4k PEG-thiol was added
(Biochempeg Scientific Inc., Watertown, USA). After vigorous
stirring, AuNRs were added and left for incubation at room
temperature and in the dark for 2 days. The MUTAB or MUTAB-
rhodamine functionalized AuNRs were washed 5x for 15 min by
centrifugation at 11 000g as described previously, by removing
the supernatant and redispersing the sample in pure water.

For purchased AuNRs, 250 pL of 0.38 nM A12-25-550-CTAB-
DIH-1-25 solution was added to 20 mg MUTAB dissolved in
250 pL pure water and processed as described before. These
MUTAB-550-AuNRs were concentrated by centrifugation and
removal of supernatant to 0.7 nM.
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Gold nanorod characterization

To determine the longitudinal plasmonic resonance, size, and
surface potential of AuNRs, we used a Peqlab (Erlangen, Germany)
Nanodrop ND-1000 spectrofluorometer (UV/Vis function) and
a Malvern (Worcestershire, United Kingdom) Zetasizer Nano ZS for
dynamic light scattering and zeta potential measurements. For
both measurements, we used the following parameters for the
dispersant (water) with a viscosity of 0.8872 cP, a Henry's function
of 1.5, a dielectric constant of 78.5 and a refractive index of 1.33.
The temperature was kept constant at 25 °C. For zeta potential
measurements, the samples were transferred to a zeta cell
(DTS1070, Malvern Instruments) and measured at an applied
voltage of £150 V. For dynamic light scattering measurements, the
samples were transferred into Sarstedt Disposable Cuvettes
DTS0012 and measured with the integrated 633 nm He-Ne laser
operating at an angle of 173°. For each sample, three automated
runs of 70 s duration were performed for each sample. The
intensity size distributions were obtained from the autocorrelation
function using the “multiple narrow mode”.

Microtubule preparation

Porcine tubulin (2 ptM) was polymerized in PEM buffer (80 mM
PIPES, 1 mM EGTA, 1 mM MgCl,, pH = 6.9) supplemented with
4 mM MgCl, and 1 mM GMPCPP for 4 h at 37 °C as described
previously.*® Afterwards, the microtubule solution was diluted
in PEM (1:3 ratio), centrifuged (Airfuge Beckman Coulter,
Brea, CA), and resuspended in 150 pL PEM. Microtubules were
visualized with interference reflection microscopy.****

Transmission electron microscopy (TEM)

For TEM imaging, 5 pL of microtubules in PEM were incubated for
10 min with a AuNRs solution (1 nM based on the concentration
estimate above in 9 pL water). Afterwards, AuNR-microtubule
droplets (5 pL) were incubated for 3 min on pioloform and
carbon-coated copper TEM grids. After a 1 min washing step using
a 20 pL PEM droplet on the grid, the sample containing TEM grid
was fixed with 2.5% glutaraldehyde for 5 min. Then, TEM grids
were washed 5x with 20 pL droplets of nanopure water and
stained for 30 s with 1% aqueous uranyl acetate. Excess uranyl
acetate was carefully removed with a dry filter paper and the
sample was left to dry. Images were recorded with a JEOL 120 kV
1400plus transmission electron microscope with a Tietz TemCam
F-416 CMOS camera. Out of 330 imaged single AuNRs or clusters,
154 were directly bound to microtubules (47%). From the rest, 76
were associated with broken microtubule filaments, tubulin olig-
omers or unidentifiable electron density. The remaining 100
AuNRs and clusters corresponding to 30% did not appear to be
bound to anything. Whether some of the unbound AuNRs were
initially bound to microtubules that were dissociated during the
preparation or tubulin oligomers were masked by the high elec-
tron density of the AuNRs is unclear.

Flow cell preparation

For hydrophobic surfaces, we used methyltrichlorosilane func-
tionalized glass surfaces. Coverslips (# 1.5 Corning 22 x 22

4008 | Nanoscale Adv., 2020, 2, 4003-4010

View Article Online

Paper

mm? and # 0 Menzel 18 x 18 mm? for the bottom and top of the
flow cell, respectively) were cleaned via three sequences of
Mucasol and ethanol sonication for 15 min each. After washing
with deionized water, coverslips were additionally cleaned and
activated for 10 min in 0.6 mbar oxygen plasma at 300 W (TePla
100 E plasma cleaner). Coverslips were rendered hydrophobic
by methyltrichlorosilane vacuum silanization, processed into
flow cells, and attached to the hydrophobic surface as described
previously®® except that residual microtubules were washed with
a 1:9 PEM : water mixture to decrease the overall salt concen-
tration. Then, MUTAB-rhodamine-AuNRs, plasmonically inac-
tive at an excitation wavelength of 561 nm, were mixed with
PEM and flowed in for measurements. Finally, residual AuNRs
were removed by flowing in an anti-fading mix (glucose oxidase,
p-glucose, and catalase with final concentrations of 0.02 mg
mL ™", 20 mM, and 0.008 mg mL ", respectively) in to increase
the lifetime of the fluorescent dyes.

For direct microtubule-surface attachment, we used (3-ami-
nopropyl)triethoxysilane (APTES) functionalized glass surfaces.
Coverslips (# 1.5 Menzel 22 x 22 mm?® and # 1.0 Menzel 18 x 18
mm? for the bottom and top of the flow cell, respectively) were
cleaned with a 60 °C mixture of 0.9 M KOH and 1.3 M H,0,.
Plasma cleaning and activation was performed as described in
the previous paragraph. Silanization was performed by exposing
coverslips to APTES vapor generated by applying 25 mbar
vacuum for 2 min at room temperature to a desiccator con-
taining 500 pL APTES, followed by a 2 min incubation. Finally,
remnant water was removed from the substrates by drying for
20 min at 120 °C. Flow cells were constructed using APTES
coverslips and parafilm as described previously® but in a clean
room environment. Flow cells were washed with pure water and
then directly incubated with microtubules for 5 min before
washing residual microtubules out with a 1:9 PEM : water
mixture. Subsequently, MUTAB AuNRs without rhodamine but
plasmonically active at an excitation wavelength of 561 nm were
mixed with PEM and flowed in for measurements.

Note that for the red channel it was difficult to obtain near
fluorescent-background-free surfaces. Clean room facilities, the
use of the plasma cleaner, vacuum storage, and clean buffers
based on double-distilled water were essential. Storage in our
laboratory resulted in a significant background already after
one day.

IRM and TIRF setup

Merged IRM and TIRF images were measured on a temperature-
stabilized (29.000 °C) setup similar to a previously published
setup® with millikelvin precision® combining IRM and TIRF.
Excitation wavelengths were 488 nm (100 mW LuxX 488-100
Omicron Laserage, Rodgau, Germany) for the green channel
and 561 nm (100 mW OBIS 561CS-100, Coherent, Santa Clara,
CA, USA) for the red channel. A HC-Beamsplitter BS 560 sepa-
rated the signal into the two distinct channels using a custom-
made color splitter.>® The green channel was defined by an ET
Bandpass 520/40 and the red channel by an ET Bandpass 605/
70. For excitation of rhodamine and the AuNRs intrinsic lumi-
nescence, 5 mW output power of the 561 nm laser was used. The
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image acquisition time was 200 ms using an Orca Flash 4.0 V2
camera (Hamamatsu Photonics, Hamamatsu City, Japan).

Image analysis

Images were further processed in Fiji®* and GIMP. For Fig. 4, the
uneven parabolic background of the TIRF image was removed
by using the image software Gwyddion's feature “remove poly-
nomial background” with the horizontal and vertical poly-
nomial degree of two. IRM contrast depends on microtubule
distance to the surface. Black intensity gray levels of microtu-
bules in IRM images correspond to microtubules that are
directly on the surface while intermediate gray levels corre-
spond to =40 nm and white intensity levels to =80 nm
microtubule distance from the surface, respectively.”® For
AuNR-microtubule colocalizations and overlays of IRM/TIRF
image, we used the following pseudocolor scale. We first
inverted the 256 gray scale values of the IRM images and
changed the inverted values to brightness values of green. Thus,
a zero gray scale value of the original image (black—corre-
sponding to microtubules in direct contact with the surface) is
converted to bright green. For inverted gray values below
a threshold chosen as the mean value, the mean image gray
value was added and subsequently pixels were converted to
brightness values of cyan. Thus, cyan regions indicated parts of
microtubules that are not in direct contact with the surface. For
the color conversion, we used Jython scripting in Fiji. Overall,
AuNR—magenta in TIRF—ideally appear white if colocalized
with microtubules that have the same intensity of pseudocolor
green.
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ABSTRACT Microtubules are highly dynamic cellular fila-
ments and many intracellular processes like cell division de-
pend on an accurate control of their length. Among other fac-
tors, microtubule length is actively modulated by motors from
the kinesin superfamily. For example, yeast kinesin-8, Kip3,
depolymerizes microtubules in a collective manner by a force-
and length-dependent mechanism. However, whether single
motors depolymerize or stabilize microtubule ends is unclear.
Here, using interference reflection microscopy, we measured
the influence of single kinesin motors on the stability of mi-
crotubules in an in vitro assay. Surprisingly, using unlabeled,
stabilized microtubules, we found that both single kinesin-8
and non-depolymerizing kinesin-1 transport motors stabilized
microtubule ends further by reducing the spontaneous micro-
tubule depolymerization rate. Since we observed this effect
for two very different kinesins, it implies a more general stabi-
lization mechanism. For Kip3, this behavior is contrary to the
collective force-dependent depolymerization activity of multi-
ple motors. The complex, concentration-dependent interaction
with microtubule ends provides new insights into the molecular
mechanism of kinesin-8 and its regulatory function of micro-
tubule length.

Key words: Kinesin; microtubules; interference reflection
microscopy (IRM); Monte-Carlo simulation

STATEMENT OF SIGNIFICANCE

Kinesin-8 motors are important for microtubule length regula-
tion and are over-expressed in colorectal cancer. The budding
yeast kinesin-8, Kip3, shortens microtubules collectively.
Whether single motors can also depolymerize microtubules
remains unclear. Here, we measured the shrinkage speed of
microtubules in the presence of different kinesins using in-
terference reflection microscopy. Surprisingly, we found that

single Kip3 motors stabilized microtubule ends. Furthermore,
even conventional kinesin-1 that transports vesicles had a
stabilizing effect implying the presence of a more general
stabilization mechanism. A better understanding of kinesin-8
has implications for cell division and associated diseases.

Kinesin motors are involved in many different cellular
processes like cell division or intracellular transport (1). They
typically translocate along cytoskeletal microtubules and gen-
erate force and directed motion, driven by ATP hydrolysis
(2, 3). Several kinesins affect the microtubule network it-
self also during mitosis, which makes them potential targets
for cancer treatment (4, 5). For example, members of the
kinesin-8 family are known to regulate microtubule dynamics
(6—11). The budding yeast kinesin-8 Kip3 has been shown
to depolymerize microtubules in a collective, length- and
force-dependent manner (7-9, 12). For depolymerization, it
is essential that Kip3 reaches the microtubule end, which
requires taking many steps before dissociating from the micro-
tubule. Indeed, Kip3 has a very high run length (7). This high
run length originates from a weakly-bound slip state (13) in
addition to a second microtubule binding site located in the tail
domain (14). This binding site also enhances Kip3’s extraor-
dinary long residence time at the microtubule end and enables
Kip3 to crosslink and slide between different microtubules
(14, 15). Furthermore, in contrast to its depolymerization
activity at high concentrations, it has been suggested that
Kip3 stabilizes microtubules at low concentrations (14). This
suggestion is motivated by (i) longer microtubules in cells
with kinesin-1 mutants that had been fused to Kip3’s tail
domain and (ii) in vitro assays with microtubules that showed
lower shrinkage rates with added Kip3 tail domains. However,
direct experimental evidence of microtubule stabilization by
full-length Kip3 is missing so far. Moreover, without ATP,
rigor-bound conventional kinesin-1 stabilized GDP micro-
tubules (16). Whether this effect persists in the presence of
ATP and with tubulin in the GTP state at microtubule ends is
also unclear.

To test whether motile kinesin motors can stabilize mi-
crotubules, we measured the in vitro depolymerization speed
of GMPCPP-stabilized microtubules (17) in the presence of
different kinesins as a function of their concentration at phys-
iological ATP conditions (Fig. |, Supplementary Materials
and Methods). We used the full-length budding yeast kinesin-
8, Kip3, and a truncated rat kinesin-1, rK430, from here
on referred to as kinesin-8 and kinesin-1, respectively (Sup-
plementary Materials). Since depolymerization speeds were
small, we performed microtubule length measurements over a
long period (60 min) using interference reflection microscopy
(IRM) (18). IRM enabled label-free microtubule imaging
with no significant photodamage and little drift in our setup.
In IRM images, surface-immobilized microtubules appear
dark (Fig. 1 A). We measured their depolymerization speed
as the total length change—the difference between the micro-
tubule length in the first and last recorded image—divided
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FIGURE 1 Kinesin stabilizes microtubules. (A) Kymographs of microtubules
imaged with interference reflection microscopy (IRM) at different kinesin-8
concentrations. The vertical and horizontal scale bar are 10 min and 2 um,
respectively. Magenta lines illustrate the shrinkage of microtubules with
respective plus-end depolymerization speeds. Upper right-hand corner: Ex-
emplary IRM image of a microtubule (scale bar: 2 um). (B) Total microtubule
depolymerization speed as a function of motor concentration for kinesin-8
(full magenta circles), kinesin-1 (open green diamonds), and in the absence
of kinesins (full black square). The open blue circle corresponds to literature
data (7). (C) Depolymerization speed data as a function of average number
of motors at the microtubule end (see Supporting Material for details).

by the total acquisition time. Representative kymographs are
shown in Fig. 1 A. For GMPCPP-stabilized microtubules and
in the absence of any kinesin, we measured a spontaneous
depolymerization speed of 0.236 + 0.009 nm/s (mean + SEM,
N = 151) corresponding to about 0.88 um/h (Fig. 1B). At
very small kinesin-8 concentrations of 0.7 pM, the micro-
tubule depolymerization speed did not significantly differ

from the value without kinesins. For intermediate kinesin-8
concentrations of around 7 pM, the depolymerization speed
was reduced about two-fold to 0.11 + 0.01 nm/s. At higher
kinesin-8 concentrations, depolymerization speeds increased
again to values that are significantly higher than the one in the
absence of kinesin-8. At the highest tested kinesin-8 concen-
tration of 7 nM, we observed the expected length-dependent
depolymerization (Fig. 1 A, right kymograph showing a non-
linear length change with time) in quantitative agreement
with the literature (9). Thus, the significant reduction of de-
polymerization speed at an intermediate number of kinesin-8
motors relative to the spontaneous shrinkage speed, implies a
stabilization of the microtubule ends.

Do other kinesins stabilize microtubule ends as well? To
address this question, we measured the microtubule depolymer-
ization speed at different concentrations of kinesin-1, which
does not dwell at microtubule ends, but quickly falls off once
the end had been reached. We observed no effect on the mi-
crotubule stability for kinesin-1 concentrations below 100 nM
(ANOVA, F(5,160) = 0.98, p = 0.43). Importantly, for these
concentrations, the overall weighted mean of 0.24 +0.01 nm/s
was not different from the spontaneous microtubule depoly-
merization speed (z-test, p = 0.7). However, for very high
motor concentrations of 5 uM and 25 uM, we observed a sig-
nificant decrease of the microtubule depolymerization speed
(t-test between weighted mean for data below 100 nM and the
data point at 25uM, p = 1.8 - 107#). Thus, also a transport
kinesin can stabilize microtubule ends at sufficiently high con-
centrations raising the question of how many kinesins need to
be simultaneously at the microtubule end for stabilization.

To determine the average number of kinesins at the micro-
tubule end, we programmed a simulation based on the known
motility parameters of the motors (see Supporting Material).
Directly measuring the number of kinesins at the microtubule
end was not reliable because of insufficient localization preci-
sion at the end, photo bleaching during long measurements,
or too many fluorophores at higher motor concentrations.
Instead, we measured the landing rate as a function of motor
concentration (Fig. S1) and used the known translocation
speed, run length, and end residence time of the motors to
determine for each concentration the average number of mo-
tors at the microtubule end. With the relation between the
motor concentration and number at the end, we rescaled the
concentration axis for both motors (Fig. 1C). Interestingly,
for both motors, the stabilization effect occurred roughly at
the same number of about one motor per microtubule end.
Depolymerization by kinesin-8 occurred at higher numbers
that result in traffic jams on individual protofilaments (Fig. S2)
consistent with a collective depolymerization mechanism.

In summary, we have shown that if there is on average
about one motile kinesin always present at a microtubule
end, microtubules are stabilized. Due to kinesin-1’s much
smaller run length and end residence time, the concentration
at which this condition is met is much higher in comparison
to kinesin-8. Surprisingly, already one motor at the end seems
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to be sufficient to stabilize all protofilaments narrowing down
the previous estimate of less than six motors for strongly
bound kinesin-1 on GDP-microtubules (16). Our kinesin-8
data directly confirms previous indirect measurements (14)
that at low motor concentrations—corresponding to a single
motor at the end according to our data—microtubules are
stabilized. This finding widens the model of its biological
role of microtubule length control. Cells may switch between
microtubule stabilization and depolymerization modes by
regulating the level of kinesin-8 expression during the cell
cycle. Furthermore, since the number of motors at the end
scales with microtubule length ((7, 9) and Supporting Ma-
terial), short microtubules could be stabilized whereas long
microtubules may be depolymerized at the same time.

What is the origin of microtubule stabilization by ki-
nesin motors? Previous research suggested inter-protofilament
crosslinking via the additional microtubule binding site in
the tail domain of kinesin-8 (14). For kinesin-1, a similar
electrostatic stabilization could be present through a weak
interaction of the neck coiled-coil with the E-hooks of tubulin
(19). Another contribution may be from the strongly bound
state of kinesin motors at the microtubule end (16, 20), in case
of kinesin-1 causing a conformational change of tubulin with
an associated elongation and straightening of GDP-tubulin
(16). We propose that in addition to these effects, the dimeric
state of kinesin links the terminal two tubulin dimers together
conferring stability. Recent experiments suggest that both
kinesin heads always remain in direct contact with the mi-
crotubule lattice during stepping (2, 3). Thus, if a terminal
tubulin dimer bound to a kinesin should dissociate from the
microtubule lattice, it will still be tethered to the microtubule
end via the kinesin dimer. In this manner, this terminal tubulin
may quickly reattach with an effectively increased on-rate.
This increase would lead to an overall stabilization of the
microtubule end. Because of the three-start-helix structure of
the microtubule (1) and assuming that the microtubule end
is blunt (17), there is only one tubulin dimer at the very end
of the helix that has only one lateral tubulin contact. There-
fore, already one kinesin might be sufficient to stabilize this
“weakest” spot of the microtubule. Further experiments with
other kinesin dimers and possibly with truncated tail domains
or modified neck coiled coils may be necessary to establish
a general stabilization mechanism of kinesin dimers and a
possible contribution from further microtubule interactions
of their tails. While for kinesin-8 microtubule stabilization at
low concentrations may be biologically relevant, we do not
expect a relevant in vivo effect for kinesin-1 since unnaturally
high motor concentrations were required. For kinesin-8, our
observations support and widen the model on the dual-mode
regulation of microtubule dynamics by this kinesin.

SUPPORTING MATERIAL

Supporting Methods and Material and two figures are available
at http://www.biophysj.org/biophysj/supplemental/XXX.

Single kinesins stabilize microtubules
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Abstract

Spherical micrometer core-shell silica particles (CS) and anisotropic and amphiphilic dumbbell
core-shell silica particles (DCS1) and (DCS2) were prepared by a simple etching process. The
dumbbells DSC1 and DCS2 are constructed of large dens lobes and smaller hollow hemispheres.
The properly adjusted stirring speed and the application of ammonium fluoride and ammonium
carbonate as etching agents decided upon the formation of the shape and the surface anisotropy
of the particles. Analysis of the particles with SEM and STEM revealed that the surface of the
anisotropic particles DCS1 and DCS2 are covered with shells of mesoporous channels. In the
case of amphiphilic DCS1 the surface area around the dense lobe and the surface area of the
small hemisphere differ in their zeta potentials. This was confirmed by drug loading experiments.
As shown by confocal Raman microscopy and spectroscopy the two polyphenols curcumin (Cur)
and quercetin (QT) accumulate in different compartments of the DCS1 patrticles. The overall drug
loading efficiency of Cur plus QT is high but differs widely between Cur and QT among the CS,
DCS1 and DCS2 particles. Up to 98 % drug loading and 100 % releasing efficiency after 6 h at
pH 5.5 was found. Cur and QT loaded CS, DCS1 and DCS2 showed different cancer cell inhibitory
activities. The highest activity was detected for the dual drug loaded DCS1 (ICs0 13.5 nM).



Introduction

Transportation of drugs into cell membranes for medical diagnostic and treatment is of
fundamental importance. Many of the present drugs are suffering from stability problems in
biological environment and/or poor water solubility making the drugs less effective.™! Thus drug
delivery strategies based on different materials have been developed.i*8 So far, several types of
drug vehicles have been reported which includes liposomes,” peptides,® polymers,®-*! inorganic
nano- and microparticles®?-*"1 and organic/inorganic hybrid materials.*®% A drawback of many
materials is their low drug loading capabilities. To improve their therapeutic efficacy large amounts
of carrier have to be applied. Unfortunately most of the carriers are accompanied by drawbacks
such as poor biocompatibility, the application of large amounts of surfactants, the requirement for
chemical modifications and complex preparation protocols which restricts their access.

The natural polyphenols curcumin (Cur) and quercetin (QT) affect numerous cellular targets and
demonstrate activities on the cellular level.?-2° Both compounds suffer from poor bioavailability
due to their low solubility in aqueous solutions and low stability in biological environment.
Consequently, several approaches to deliver both natural polyphenols with different types of drug
carriers have been suggested.?6-3

Mesoporous silica nano- and microparticles provide networks of pores, which result in large
surface areas and high pore volumes.?*=3"1 The opportunity to tailor particle size and shape as
well as to tune the pore sizes in the nanometer scale have made these materials attractive for
many applications in different fields.¥*% Moreover their intrinsic biocompatibility and
biodegradability promise mesoporous silica particles as ideal platforms for drug delivery
systems.[15:3941421 By trapping the drug in the mesoporous network mesoporous silica prevents
the degradation of the drugs and can act as solubility enhancer generating higher solution
concentrations compared to the corresponding solid form.** Thus this has led to a dramatic
increase in the interest of mesoporous silica-based formulations in the last decade.**

Although several studies have highlighted the controlled release of various therapeutic agents
with mesoporous silica particles,*¢l in most of the reported examples only one kind of drug is
entrapped into the mesoporous silica materials.*”) Up to date, the co-delivery of multiple drugs
with different molecular properties remains difficult.*s! However, the possibility to load and release
different drugs on the same systems allows to combine therapies and increases the opportunities
for treating diseases. This requires materials with the ability to load and release drugs with
different properties and function.

Mesoporous materials with multilevel morphology and hierarchical pore structures have been

developed.[“*-53 Such particles provide different compartments and phase separated domains



and are thus interesting candidates for multi drug delivery purposes.®°¢ Moreover the
amphiphilic character, which is often accompanied by such multifunctional particles, increases
the interfacial activity which improves the particle cell interaction.!

We recently reported on anisotropic dumbbell core-shell silica microparticles, which are
composed of two different hemispheres (Chart 1).58 The two lobes differ in size so that the
particles are shaped like dumbbells, snowmen or acorns.®® The shells of both lobes are
constructed of mesoporous MCM-41 type of channels and differ in their thickness. On the surface
of the large lobe many SiOH functions are replaced by Si-F groups. Consequently, the surface
charge of the smaller hemisphere is more negative than that of the larger hemisphere which gives
the particles an amphiphilic character. While the core of the large lobe is dense, the interior of the
small hemisphere is hollow. Thus, three compartments can be identified: (i) the shell of the large
lobe with a weak surface charge, (ii) the shell of the small lobe that is negatively charged and (iii)
the hollow cage, which is covered by the small hemisphere. The diversely functionalized
hemispheres (SiF vs SiO-) as well as the different compartments make these particles attractive

materials for the co-delivery of multiple drugs with different properties and function.
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Chart 1 a) Cartoon of the anisotropic, amphiphilic core-shell dumbbell particle (dl, dls, dc, dcs
diameter of the hollow cavity, its shell, of the dense core and its shell), b) STEM micrograph of a
representative particle, c) surface morphology of the shell displaying the hexagonally ordered
mesoporous channels, d) particle coloured with negatively charged sulforhodamine B (red) and
positively charged alexa 514 (green)

Here we demonstrate that due to the shape, surface anisotropy and their amphiphilic character
these particles show distinctly different drug loading and releasing behaviour than comparable
spherical core-shell silica particles. Moreover, we demonstrate that Cur and QT, when loaded on
the amphiphilic anisotropic core shell particles accumulate in different compartments and lead to

an enhanced cell toxicity.



Experimental Part

Cetyltrimethylammonium bromide (CTAB), n-tridecane (99 %), ammonium fluoride (98 %) and
SiO; particles (1.5 pm) were purchased from ABCR. Ammonium carbonate (ACS reagent = 30
% NHs), curcumin, quercetin, dialysis bag (MWCO 10 KDa), dimethyl sulfoxide (DMSO), 3-[4,5-
dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide and ammonium hydroxide (28 %) were

obtained from Sigma Aldrich. Deionised water and ethanol we used of technical grade.

Synthesis of the spherical core=shell (CS) and the anisotropic dumbbell core-shell silica
particles (DCS1 and DCS2)

The anisotropic dumbbell core-shell (DCS1) silica particles were synthesized by following a
procedure reported earlier®™! with minor variations. Concisely, 2.1 g CTAB as surfactant, 2.1 g
silica particles of 1.5 um size were dissolved in 210 mL of water and sonicated for an hour. Then
11.6 mL n-tridecane was added and sonicated for another hour. To this suspension 12 mL of an
ammonia and ammonium fluoride (1.35 mmol) solution was added and kept stirring at 210-240
rpm at 90 ° C for 24 h. The anisotropic dumbbell silica-core shell particles (DCS1) were collected
after centrifugation (2500 rpm for 1 min) and washed once with deionised water, twice with
ethanol, once with diethyl ether and then calcined at 600 ° C for 15 h.

The spherical core-shell silica particles (CS) were prepared by following the same precedure with
the exception that the stirring speed was kept below 190 rpm.

For the preparation of the DCS2 particles, the ammonium fluoride was replaced by an equimolar
ammount of ammonium carbonate by otherwise identical reaction conditions than for the DCS1

particles.

Characterization of the CS, DCS1 and DCS2 particles

Scanning electron microscopy (SEM) and scanning transmission microscopy (STEM) images
were acquired on a Hitachi SU8030 machine equipped with a triple detector. The particles were
suspended in ethanol and kept in an ultrasonic bath for homogenization for 10 minutes. The
samples were spin-coated onto silicon wafers for SEM and spotted on copper grids for STEM

analysis.

The zeta potential in ethanol was measured at room temperature with a Zetasizer Nano ZS by
Malvern. The samples were suspended in ethanol and transferred to a cuvette. Suspension in the

measuring cell was almost clear. The concentration compared optically with a well measured
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sample.

For Raman measurements, a WITec alpha300 RA&S confocal Raman microscope was used.
This system is equipped with a lens-based UHTS 300 spectrometer connected via a 100 pm
(NA=0.12) multi-mode optical fibre and thermoelectric cooled CCD and EMCCD (DU970N-BV).
All Raman experiments were carried out using a laser of 532 nm with a nominal output power of
60 mW and a grating of 600 lines/mm. For illumination and collection the laser was focused on
the sample through a Zeiss Epiplan-Neofluar objective of magnification 100x (NA = 0.9). Data
procession was done using Control 5.0 software provided by WITec and all experiments were
carried out at ambient conditions. We chose sapphire as a substrate due to its low background
signal which does not overshadow the signal intensity from the region of interest. The peak
positions of sapphire also do not interfere with the potential peak positions of QT and Cur, thus
making sapphire an ideal substrate for Raman analysis of these drug loaded particles. The

samples were prepared in the same way as described in the drug loading experiments.

Drug loading of curcumin (Cur) and quercetin (QT) in CS, DCS1 and DCS2 particles
For loading the microparticles CS, DCS1 and DCS2 with drugs, 0.5 mg/mL of an equimolar

solution of Cur and QT, respectively, in ethanol was mixed with 1 mg/mL of the corresponding
CS, DCS1 and DCS2 microparticles. The suspensions were shortly ultrasonicated and gently
stirred for 4 h. Then, the Cur and QT loaded microparticles were centrifuged at 13,000 rpm for 3
min. The drug loading efficiency was detected by measuring UV-absorbance (Nanodrop, ND 1000
spectrometer) of Cur and QT at 450 and 270 nm, respectively, in the supernatants of the
centrifuged sample and the initial 0.5 mg/mL solution. The following equation was used to
determine the drug loading content of both drugs in CS and dumbbell microparticles DCS1 and
DCS2.

Drud loading effici _ Theoretical amount of drug loaded - Free drug %100
rug foading etticiency = Theoretical amount of drug loaded

In vitro drug release study

In vitro drug release studies of Cur and QT from CS, DCS1 and DCS2 were investigated at pH
5.5 (environmental pH for tumors) and at pH 7.4 (physiological pH). The drug loaded CS, DCS1
and DCS2 particles were suspended in 2 mL of phosphate-buffered saline (PBS) and transferred
to a dialysis bag (molecular weight cut-off 10 kDa, Sigma). Then they were placed in 25 mL of

PBS, incubated at 37 °C and kept under stirring (100 rpm).[5%61 The released drugs were



determined spectrophotometrically by measuring the absorbance at 450 and 270 nm. The
concentration of released drug was then calculated using the standard curve of drugs as
mentioned.!%¢Y The percentage of drug released was determined from the following equation as
described earlier.16263

) Cumulative amount released
Cumulative drug release (%)= Total mass loaded x100

Cell viability studies

The cytotoxicity of the cells was studied by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide (MTT) assay as described.4 Briefly, the human bone osteosarcoma
epithelial cancer cell lines (U20S; 6x103 cells) were seeded in a 96 well culture plate. After 12 h,
the cells were treated with different concentrations of the drug loaded particles CS, DCS1 and
DCS2 for 24 h. Control cells were treated with 0.1% DMSO in a culture medium. After treatment,
the cells were incubated with the MTT solution (5 mg/mL in PBS) at 37°C for 4 h and then DMSO
was added during shaking at room temperature. The spectrophotometric absorbance was
measured at 570 nm on a microplate reader (Biotek, Multiplate reader, USA). Cell viability was
expressed as the relative formazan formation in the treated samples compared with control cells
after correction for background absorbance. The cytotoxicity (IC50) was calculated based on the
color yield of the treated cells which are proportional to the number of metabolically active cells
and indirectly approximated cell viability. IC50 is defined as the drug concentration required to
inhibit growth of cells by 50 % relative to control (IC50). A graph was drawn using Cell viability
(%) with respect to the concentration of the sample. Results were plotted as the mean + SD of
three separate experiments. Percentage of cell viability was determined using the below

formula.[®

Absorbance of the treated sample

L o\
Cell Viability (%) Absorbance of the untreated sample *

Results and Discussion
Synthesis of CS, DCS1 and DCS2 microparticles

The protocol of the recently reported one-pot synthesis of monodisperse dumbbell silica core-
shell particles was applied to prepare the DCS1 particles.®® Thus a homogeneous suspension of

nonporous dense spherical silica particles (d = 1.5 pm), CTAB and n-tridecane was treated under



stirring with a water solution of ammonia/ammonium fluoride at 90°C. Stirring below 190 rpm
generates the spherical core-shell particles CS (Figure 1A,D), while stirring between 240 and 280
rpm produced the amphiphilic dumbbell particles DCS1 (Figure 1B,E). If the ammonium fluoride
is replaced by ammonium carbonate the particles DCS2 (Figure 2C,F) are obtained. In this
etching process, -8 silica species are gradually dissolved from the surface of the dense silica
particles and re-condensed close to the side of dissolution.*¥l In cooperation with the CTAB
micelles, which are located on the surface of the silica particles, these silica species generate
MCM 41 type of mesoporous shells around the silica particles.[®® Due to the addition of the
swelling agent n-tridecane additional droplets are formed which adsorb on the surface and serve

as templates for the formation of the second hemispheres in DCS1 and DCS2 (Figure 1).

Figure 1. SEM (A-C) and STEM (D-F) images of CS (A,D), DCS1 (B,E) and DCS2 (C,F) silica

particles

According to the SEM and STEM micrographs, the protocol produces monodisperse spherical CS
(Figure 1 A,D) and dumbbell like anisotropic particles DCS1 and DCS2 (Figure 1 B,E, C,F and
Figure 1S supporting information). The core and the shell as well as the hollow cavity of the small
hemispheres in DCS1 and DSC2 can be distinguished from the STEM micrographs (Figure 1 E,F
and Table 1). The shells which cover all particles consist of highly hexagonally ordered tunnels
with uniform pore sizes of approximately 4.3-5.9 nm (Chart 1). The diameter of the mesoporous
shell of the spherical CS is 176 nm and can be adjusted with the reaction time.! During the same
reaction time a shell as thick as 118 and 124 nm around the dense cores in DCS1 and DCS2 are



formed. The shells of the small hemispheres which cover the hollow cavity are found to be 63 and

47 nm thick, respectively (Table 1).

Table 1. Pore size distribution and specific surface area obtained by nitrogen physisorption of
CS, DCS1 and DCS2. Geometrical parameters dc, dcs, dl and dis (for definition see Chart 1)

Specific ~ Total pore  Average dc dcs dl dls
surface volume pore (nm) (nm) (nm) (nm)

area (m?/g) (cm®/g)  size (nm)

CS 239.01 0.32 4.3;5.7 1230 176
DCS1 120.77 0.17 5.5 1332 118 410 63
DCS2 201.04 0.30 4.5;5.9 1220 124 340 a7

Reversible nitrogen adsorption and desorption isotherms are found for the core-shell materials
CS, DCS1 and DCS2, which display a typical Langmuir IV hysteresis (Figure 2S supporting
information). The H1 loop is characteristic for narrow uniform mesopores as found in template
MCM-41 silica.’™” Average pore size distributions calculated from the adsorption branch of the
nitrogen isotherms by the BJH method (Table 1) ranges from 4.3 to 5.9 nm. Interestingly, for CS
and DCS2 bimodal pore distributions within this range are observed.® All physicochemical data
of the anisotropic core-shell particles compare well with those reported for dumbbells of this

type.[8l

Dying experiments with positively and negatively charged dyes of the rhodamine family
demonstrated the amphiphilic character of the anisotropic particles DCS1 (Chart 1 and Figure 3S
supporting information).® The different zeta potentials on the smaller and larger lobe were traced
back to the exchange of surface SiOH groups with SiF functions on the larger hemisphere.®® This
is a consequence of the application of NH4sF as etching agent. Thus introducing ammonium
carbonate as etching agent generates the anisotropic dumbbell particles DCS2 with a uniform
charge distribution across the particle surface. This agrees with an overall smaller Zeta potential
for DCS2 (-47.4 £ 0.9 mV) than for DCS1 (-25.5 £ 0.6 mV). Compared to the spherical CS and
anisotropic DCS2 particles, the amphiphilic dumbbells DCS1 have smaller specific surface areas

and smaller pore volumes.

Drug loading efficiency



In general, the amount of drug that can be loaded onto mesoporous silica depends on the surface
area, the pore volume, the pore geometry and on the number of silanol groups on the surface,
which when deprotonated are responsible for the negative surface charge of the silica material.l!
This is nicely reflected in the drug loading efficiency of the spherical CS, the anisotropic and
amphiphilic DCS1 as well as the anisotropic and non-amphiphilic DCS2 particles when treated
with ethanolic solutions of equimolar amounts of both drugs Cur and QT. As summarized in Table
2, the overall loading behaviour of Cur plus QT is similarly high but varies widely between Cur

and QT among these three types of particles.

Table 2. Drug loading efficiency of CS, DCS1 and DCS2

Cur loading efficiency QT loading efficiency Total drug loading
(%) (%) (%)
CSs 45+5 43+6 88+11
DCS1 58+ 6 40+7 98 +13
DCS2 85+6 105 95+11

While comparable loading contents were found for Cur (45 + 5%) and QT (43 = 6 %) in
mesoporous CS, the anisotropic and amphiphilic DCS1 loads larger amounts of Cur (58 * 6%)
than QT (40 £ 7%) (Table 2). There is even a more profound difference of Cur and QT loading in
the anisotropic and non-amphiphilic particle DCS2. Thus 85 * 6 % loading efficiency of Cur and
only 10 + 5 % for QT are observed for DCS2. This is remarkable since CS and DCS2 provide
comparable specific surface areas and total pore volumes (Table 1). Contrary to this, although
the total pore volume of the dumbbell particle DCS1 is much less compared to that of the CS
particle (Table 1), the overall loading efficiency of Cur plus QT in DCS1 is even higher than in CS
(Table 2).

From the molecular point of view, these results can be explained in terms of the interaction of Cur
and QT with the surface Si-OH and Si-F functions, respectively. Both polyphenols are able to
interact with Si-OH groups on silica surfaces. The keto-enol tautomerism of Cur supports donating
as well as accepting hydrogen bonds.?*"Y However, under the present reaction conditions it is
assumed that Cur interacts with its enolic form with the nucleophilic Si-OH groups on the silica
surface of the particles.l’? Consequently, Cur prefers to accumulate in those areas of the particles
with negative zeta potentials. In contrary to this QT selects a more lipophilic environment when

forming adducts with surface Si-OH groups.l”® Thus QT is stored in those areas with non-polar
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Si-F functions. Because the spherical core-shell particles CS contain Si-OH and Si-F functions,
which are equally distributed all over the surface both drugs are loaded in comparable amounts
into the mesoporous shell (Table 2). In DSC2 only Si-OH groups are uniformly spread across the

anisotropic particle which makes it more attractive for Cur than for QT to be loaded.

Most interestingly the amphiphilic character of DSC1 allows QT to be loaded into the porous shell
of the large lobe and most of Cur into the porous shell of the small hemisphere. Moreover, the
hollow cavity of the small hemisphere in DCS1 serves as compartment for Cur as well. This is
deduced from the large amount of Cur loaded in DCS1 compared to the small shell of the small
lobe (Table 2). Thus, the mesoporous channels in the shell of the small lobe allow the diffusion of
Cur into the cavity.l’¥ The permeability for small molecules of the shell covering the cavity has
been demonstrated earlier.® This indicates that if both Cur and QT are loaded at the same time
to DCS1 they encapsulate into different areas of the silica particle. This is supported by confocal

Raman microscopy (Figure 2).

Sapphire Small hemisphere
Y ;m‘ W‘M‘W““"W"ﬂ""*“‘?‘“‘w»*mmw P
S ' ',Wv‘\"y
" @ |+ | residual template Loaded silica
> = ' molecules - A
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Figure 2 a) Raman intensity distribution image of Cur-QT-DCSL1 in the spectral range 150 cm™ to
3500 cm; b) Intensity distribution of the Cur-QT-DCS1 of three components based on a Principle
Component Analysis (PCA); c¢) the corresponding spectra for each component (see also
supporting informations).

Figure 2a shows the Raman peak intensity distribution across a silica particle of DCS1 loaded
with Cur and QT in the spectral range from 150 cm™ to 3500 cm™. The particle is clearly
distinguishable from the background; it shows a medium intensity in the area that can be
associated with the core-particle and a much higher intensity in the region of its small hemisphere.
A principle component analysis (PCA) of all Raman spectra yields three principle components
explaining 93% of the total data. Based on this number of responsible components the data were
analysed with Control 5.0 data processing software provided by WITec using an inbuilt PCA. The

components were assigned to colours (blue, red, green) for better visualisation. The result of the
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decomposition is shown in Figure 2b. The blue component can be associated with the substrate
(sapphire), the red with the core-particle and the green with the lobe of the small hemisphere. The
shell of the large lobe is yellow indicating a coexistence of the two components (green, red). The

corresponding spectra are shown in Figure 2c.

The spectrum of the blue component is dominated by the signals from sapphire with prominent
peaks at 412 cm?, 645 cm™, and 312 cm; the increasing background from 2500 cmis also

typical for sapphire.l™

The spectrum of the red component shows a number of peaks. Besides the prominent peaks of
sapphire also typical signals from silica and residual template molecules are present at 969 cm™,
1073 cm?, 1305 cm?, 1444 cm™ and a broad peak at 2893 cm in the red spectrum. This can be
assigned to residual template molecules in the pores of DCS1 since a spectrum was measured
with and without drugs loaded (Figure 4S supporting information). The remaining peaks at 1550
cm?, 1616 cm™ can be assigned to the drugs loaded. The assignment is not straight forward due
to the strong overlapping of the signals in this region. The peak at 1616 cm™ and 1550 cm™ are
close to C=0 stretch and O-H bend of QT respectively.["®! Nevertheless, certain peaks of Cur also
appear in the same range e.g. C=0 stretch at 1626 cm™ and C=C aromatic stretch at 1601 cm
1[77-80]1 However, Cur should show a certain luminescence which is not observed in this
contribution also its prominent peak at 1626 cm™ is missing. The green component is dominated
by luminescence without additional Raman peaks. This luminescence peak can be attributed to
Cur since the fitting results shows a maximum at approx. 1500 cm?, that corresponds to 578 nm
which is close to fluorescence emission of Cur.88 In conclusion, QT prefers to load into the shell
of the large lobe while Cur stores in the shell and in the cavity of the small hemisphere. Although

the accumulation of minor amounts of Cur on the large lobe cannot be excluded.
In vitro drug release study

The drug release behaviour for Cur and QT loaded CS, DCS1 and DCS2 particles were evaluated
at pH 5.5 and 7.4 (Figure 3). As the Cur loading content is higher in DCS1 and DCS2, the
percentage of drug release is also higher than that of QT in the dumbbell particles. All particles
showed quicker drug release in acidic pH. Both drugs get released faster from the dumbbell
particles DCS1 (6 h) and DCS2 (7 h) than from the spherical CS (9 h) mesoporous particles in
acidic environment. At the physiological pH, Cur gets released faster than QT from all particles
(Figure 3).
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The crucial requirement on formulating the poorly water-soluble drug is dissolution enhancement
with an immediate drug release from the microcarrier particles. However, on formulating the drug
as a molecular dispersion adsorbed into a silica matrix, a rapid release from the DCS1 and DCS2
was observed. There are reports that it took 30 h to complete the release of the catophril drug
from mesoporous silica particles and that it took 19 h for the complete release of 5- fluorouracil
from their mesoporous silica particles.®¥ Even though there are drug release studies on
mesoporous silica particles, the time taken for releasing the loaded drug is larger than the time
period for 100 % drug release, here.
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Figure 3: Cumulative percentage of Cur and QT released from CS (a, b) DCS1 (c, d) DCS2 (e, f)
at pH 5.5 (left column) and pH 7.4 (right column).

Cell Viability assay

The typical characterization of cancer cells is the uncontrolled proliferation of the cells. The non-
toxicity of quercetin, curcumin and mesoporous silica particles on normal cells where reported
elsewhere 388 The cytotoxicity of Cur and QT loaded on CS, DCS1 and DCS?2 individually and
as a combinatorial approach were examined by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay against U20S (human bone osteosarcoma epithelial
cell lines).[ The results indicate that Cur and QT loaded particles have significant toxicity towards
the U20S cancer cells and that the activity strongly depends on the amounts of drugs loaded and

the shape of the silica particle (Figure 4).
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Figure 4: Cell viability assays after 24 h incubation of U20S cancer cells with a) CS alone, QT-
CS, Cur-CS and QT-Cur- CS; b) DCS1 alone, QT-DCS1, Cur-DCS1 and QT-Cur-DCS1; c) DCS2
alone, QT-DCS2, Cur-DCS2 and QT-Cur-DCS2 at 25 nM. The data represent the average of at

least three independent measurements.

The ICsp concentration of QT-CS, Cur-CS and Cur-QT-CS were 200, 150 and 100 nM for the
respective drug loaded CS particles. Figure 4 displays the results of the cytotoxicity for QT loaded,
Cur loaded and both drugs loaded silica particles CS, DCS1 and DCS2. The QT-CS, Cur-CS and
Cur-QT-CS particles showed 97%, 95% and 92%, cell viability, respectively, at 25 nM
concentration after 24 h (Figure 4a). The respective epi-fluorescence and phase contrast images
(Figure 5) for the QT-CS, Cur-CS and Cur-QT-CS also show that the cells do not undergo any

morphological changes or cell death after 24 h.

For the QT-DCS2, Cur-DCS2 and Cur-QT-DCS2 particles, about 97%, 50% and 30% of cell
viability was observed at 25 nM of drug concentration as shown in the Figure 5c. The higher cell
toxicity of Cur-DCS2 compared to Cur-CS is a result to the higher concentration of Cur delivered
by DCS2 (Table 2).

The viability of the cells at 25 nM concentration for QT-DCS1, Cur-DCS1 and Cur-QT-DCS1 was
around 85%, 79% and 4% at the end of the 24h (Figure 4b). In the same order the 1Cso was found
to be 105, 57 and 13.5 nM after 24 h. Note that ICso for Cur and QT alone is 21.6 pM and 100 pM,
respectively.®88 Thus the drug loaded DCS1 particles showed an enhanced effect even in

nanomolar concentrations when compared to drug loaded CS and drugs alone.

The corresponding cell images of DCS1 at the end of 24 h are shown in Figure 6. The Figure 6a-
¢ shows the phase contrast, epi-fluorescence and overlay imaging of the cells when treated with

DCS1 without drugs. All the cells are viable and no cytotoxicity was observed from DCS1, which
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agrees with reports that silica particles are nontoxic to the cells.*® When the cells are treated with
drug loaded Cur-QT-DCS1 at 25 nM, changes in the morphological structure of the cells are
observed. The cells died either because of necrosis or apoptosis as shown in the Figure 6d-f.
Figure 6g-i and 6j-I corresponds to the cells treated with Cur-DCS1 and QT-DCS1 at 25 nM
concentration. Changes in the morphological structure of the cells are observed at 25 nM
concentration. Thus, one can conclude that the Cur-QT-DCS1 particles showed greater
cytotoxicity effect than Cur-QT-CS and Cur-QT-DCS2 particles.

Figure 5: Phase contrast (first panel), epifluorescence (second panel) and overlaid (third panel)
images of the U20s cell lines. (a-c) U20S cells treated with CS alone; (d-f) Cells treated with Cur-
QT-CS; (g-i) Cells treated with Cur-CS; (j-1) Cells treated with QT-CS at 25 nM concentration for
24 h,
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Figure 6: Phase contrast (first panel), epifluorescence (second panel) and overlaid (third panel)
images of the U20s cell lines. (a-c) U20S cells treated with DCS1 alone; (d-f) Cells treated with
Cur-QT-DCS1; (g-i) Cells treated with Cur-DCS1; (j-1) Cells treated with QT-DCS1 at 25 nM
concentration for 24 h.

Conclusion

Varying the stirring speed and the added salts in a simple etching process of um sized silica
particles allows to access spherical core-shell CS, anisotropic core-shell DCS2 and anisotropic
and amphiphilic core-shell DCS1 silica particles. The three particles differ in their architecture and

provide mesoporous channels, hollow cavities and different surface charge distributions. The
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porous shells and the cavity allows to accumulate different molecules. This was demonstrated by
loading the polyphenols Cur and QT into the mesopores and cavities of the three particles. The
loading behavior of these two drugs vary significantly among the three particles. Moreover, the
anisotropic and amphiphilic core-shell DCS1 patrticle is able to discriminate between Cur and QT

by accumulating them in different areas of the particle.

Cell viability studies also show strong variations among the three drug loaded particles. While the
effect of drug loaded CS on cells is moderate, the cell toxicity increases from drug loaded DCS2
to drug loaded DCSL1. Most interestingly although CS and DCS1 deliver comparable amounts of
both drugs, the cell toxicity of Cur-QT-DCS1 is dramatically higher compared to Cur-QT-CS.
Obviously, the anisotropic character in shape and surface charge of DCS1 allows for a much

better interaction of the drug loaded particle with the cells.57
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Abstract

Optical tweezers are often used to study about the mechanism of single molecu-
lar machines. However, the use of common microspheres like silica and polystyrene
to research about the kinesin stepping mechanism have certain limitations in their
maximum force, measurement precision, or the degrees of freedom that can be mea-
sured. For example, the ultimate precision of the experiment is limited by the drag
coefficient, i.e. the size of the microsphere. Thus, ideally, microspheres should be as
small as possible. But for the polystyrene microspheres, if they are too small, then
the maximum trapping forces are smaller than the motor-generated forces creating
a lower practical size limit of about 200 nm. To overcome this problem, we have
developed germanium nanoparticles with diameters ranging from 30-200 nm. With a
high refractive index of 4.4, their trapping efficiency is more than 10-fold higher than
silica. Using 70-nm-diameter of germanium nanoparticles, we measured the stepping
behavior of kinesin-1. In the long-term, the development of novel probes enables

novel applications.


erik.schaeffer@uni-tuebingen.de

Introduction

Optical tweezers acts as a highly precise and sensitive handle for measuring forces and
distances in the sub-piconewton and in nanometer regime, respectively."™ For the study
of biomolecules like motor proteins or DNA, it is crucial to attach a tool, for example, a
silica or polystyrene to the biomolecule of interest, thus the nanometer-scale motion and
the forces acting on the microspheres can be computed using optical tweezers.*”

But , the ultimate precision of the experiment is limited by the drag coefficient, i.e.
the size of the microsphere. Thus, ideally, microspheres should be as small as possi-
ble. However, if microspheres are too small, maximum trapping forces are smaller than
motor-generated forces creating a lower size limit of about 200 nm for polystyrene. Note
that for Rayleigh scatters trapping forces scale with the volume of the particles, but the
problem faced by these beads are they do not produce clear signals on the detector and
so their signal-to-noise ratio for nanometry is low. On the other hand there are also
studies associated with optical trapping of metallic nanoparticles like gold®* and silver

1213/ 5

nanospheres"* in size range from 20 to 300 nm. But the main problem over trapping of

metallic nanoparticles was the significant heating of the particles caused by absorption

of light. The heating of the metallic probes!**®

can potentially denature the biological
samples.

To overcome these problems, we used germanium nanoparticles as trappable opti-
cal probes (GENTOPs) which are several times smaller than those conventionally used
polystyrene microspheres. Germanium nanospheres have excited scientists because of
their size-dependent optical properties and their potential applications in biological imag-
ing, optoelectronics, and therapeutics.’”!® As the germanium particle have a high refrac-
tive index,™ their trapping stiffness is larger than a similar-sized latex particle. Moreover,
GeNTOPs have negligible absorption of the light in near infra red, leading to the less

heat up unlike metallic nanoparticles, thus allows us to perform force measurements with

biological samples.



For studying the biomolecule of interests using GeNTODPs, it is crucial to know the
range of forces that can be exerted on different sized GeNTOPs. Thus, we synthesized
GeNTOPs of different sizes ranging from 30 to 200 nm, using wet chemical reduction
method and performed stable optical trapping of individual GeNTOPs of different sizes.
This is the first study to report on optical trapping of GeNTOPs in the above said size range.
We also found that synthesized GeNTOPs has six and ten fold high trap stiffness than
commercially used polystyrene and silica particles of same size. Thus all these properties
makes the GeNTOPs, ideal candidate for optical tweezer-based micromanipulation to

probe biological nanomachines like motor proteins

Results and discussion

Size controlled synthesis of water stable GeNTOPs

Germanium nanospheres were synthesized using wet chemical reduction method as re-
ported?? with slight modification (see Experimental section). In this process, Germanium
oxide (GeO;) and sodium borohydride (NaBH,) is used as a substrate and reducing agent.
Quercetin is used as an stabilizing agent. GeNTOPs were visualized with the help of
Transmission electron Microscopy(TEM) and size was observed to increased from 29 nm
to 200nm, when the reaction time was increased from 3h to 8 h. At corresponding time
interval of 3,4,5,6,7 and 8 h, the particle size of about 29+6 (N = 100), 53+5 (N = 80), 70+9
(N =90),100+7 (N =120),150 £5 (N = 112),150 + 5 (N = 112),173 £ 7 (N = 132),200 + 6
(N = 148) was measured. Next, we compared the size of the particles using different
techniques like TEM, Dyanamic Light Scattering (DLS) and with optical tweezer (OT) in
order to exclude the shrinking effect of particles while drying in TEM preparation. The
size of the particles from each measurements are found to be similar and the results are in
correlation with each other. Next we tested the crystallinity, of the particles. Because, the

more particles are crystalline, higher the trap stiffness.
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Figure 1: (a) Germanium nanospheres of different diameter from 30nm to 200nm in
solution (b) Transmission electron microscopic images of GeNTOPs i) 29 + 6 (N = 100),
i1)53 £ 5 (N = 80), iii) 70 £ 9 (N = 90),iv) 100 + 7 (N = 120), v) 150 £ 5 (N = 112), vi) 150 £ 5
(N =112),vii) 173 £ 7 (N = 132), viii) 200 + 6 (N = 148) (mean + standard deviation of the
mean) at different time intervals (c) Diameter of different sized GeNTOPs measured with
different techniques like TEM, Optical tweezers and dynamic light scattering



X-Ray diffraction studies shows cubic crystal phase of GeNTOPs

The GeNTOPs were lyophilized and the X-Ray powder diffraction (XRD) studies were

carried out for the GeNTOPs sized 30nm. XRD analysis were used to determine the

phase of the sample. Fig. 2 shows the XRD pattern of the GeNTOPs. Diffraction peaks

with 2 theta values at 27.22, 45.17, 53.65, 65.9, 72.6 and 90.2 deg corresponding to 111, 220,

311, 400, 331 and 511 lattice was observed. The clear peaks had an exact match with the

reference pattern for pure germanium crystal as reported before.?! All of the peaks in fig 2

represents the germanium cubic crystal structure with lattice constant value of 5.662 +0.06

A, which is in excellent agreement with the standard value with a= 5.6512 A (JCPDS card

No. 03-065-0333).22 The domain size calculated was around 22.8 + 0.2 nm which confirms

that the nanospheres are made of single crystal. The Thus X-Ray diffraction studies shows

single diamond cubic crystal phase of GeNTOPs.
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Figure 2: Xray diffraction(XRD) spectrum of GeNTOPs. .
diagram showing lattice constant value calculated with 5.662 + 0.06 A Inset (Right):
Williamson hall plot with calculated domain size of 22.8 + 0.2 nm

Inset(Left): The Schematic



GeNTOPs have high trap efficiency with high corner frequency

Now, we know that the GeNTOPs are crystalline in nature. Usually the particles with
high crystallinity, exhibits high trap stiffness while trapping. The trap stiffness for these
high refractive germanium nanoprobes at different size was calculated by mie theoretical
simulations studies based on the optical tweezers computational toolbox with refractive
index value of 4.4+0.11 1 by Nieminen et al.?* The size and drag coefficient of the GeNTOPs
were calculated by computing the power spectrum resulting from the thermal motion
of the microspheres with the response to a sinusoidal movement of the stage® at a
frequency of 32 Hz. The lateral (axial) trap stiffness for the germanium nanospheres was
experimentally calculated at the laser power of 0.1 W (10% laser intensity) and found
to have 6-fold and 10-fold high trap stiffness than polystyrene and silica nanospheres of
same size. The size of the particles were plotted against the trap stiffness as log-log plot in
Figure 4.a and lin-lin plot as inset. The measurements (black, red and blue solid symbols)
agree well with the predictions (black, red and blue solid line) showing that we achieved
the maximum possible trapping efficiency.

Next we want to check the trap stiffness and corner frequency (fc) for GeNTOPs at
maximum laser power of 1 W, to ensure that heat produced by the particle doesn’t have
any effect in the trap stiffness at high laser power. Both the factors increased linearly
with the increase in the laser power in the focus. At maximum laser power (1 W), a power
spectral density spectrum was recorded (Fig.3) and analysis of the particle motion revealed
extremely high corner frequency. For example, in Fig. 3 the corner frequency for 180 nm
particles was fc= 68 kHz, implying a large trap stiffness of about 0.76 pN/nm/W, which
is in consistent with the mie theoretically calculated values. The temporal resolution of
the experimental system is largely determined by the response time of the nanospheres
upon the generation of force. To measure the time resolution, the response time can be
calculated from the corner frequency (f.) as described before.****The temporal resolution,

acquired was around 2.8 us, which enable one to perform high spatio temporal resolution
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Figure 3: Trap stiffness per power for germanium nanospheres (black square), polystyrene
(red diamonds), and silica (blue hexagons) as a function of different sized GeNTOPs
diameter. The plots show mean and standard deviation. The solid lines (black, red and
blue) correspond to the Mie theory calculations in log-log plot. Inset: Trap stiffness vs
nanosphere diameter in lin-lin plot.)

measurements with this 180 nm GeNTOPs. Will the GeNTOPs generate heat at high laser
intensity? Because,thermal damage caused by the probes at the high laser intensities
to biological samples has been a matter of concern and investigation. In-order to check
whether GeNTOPs generate heat, we measured the temperature of the particle at different
laser intensity as mentioned before.>” The temperature of the particle increased from 29 °C
to 42 °C which is in consistent with the polystyrene microsphere. The trap stiffness also

increased linearly with increase in the laser intensity.

Discussion

In general, we synthesised and demonstrated the stable optical trapping of germanium
nanospheres with diameters from 30 to 200 nm. There are many reports on synthesiz-
ing germanium nanoparticles but they required toxic precursors and most of the pro-

cess involves high temperatures and organic byproducts.?*” In solution-phase synthetic
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Figure 4: Power spectral density (PSD, average of 40 individual power spectra) for the
GeNTOPs trapped at maximum laser power(1W) in water. The spectrum (grey line)
features a calibration peak at 32 Hz (red line, fit to theory from,*® see Methods. Inset-Trap
stiffness k and Temperature (T) of the nanosphere as a function of laser power P in the
focus (black, trap stiffness; red, temperature).(see Methods and ref. 13)

chemistry method, there is problem in achieving the good crystallinity of the particles
as required.”**! Jing , Guo and Wu et.al, ®%%%¥ reported the synthesis of germanium
nanospheres from GeO, with different stabilizing agent but the nanospheres remained
poly dispersed and tend to form aggregates. In our protocol, we produced germanium
nano spheres which are stable and mono dispersed. The problem with as synthesized
germanium nano spheres was they started to form aggregates after one week. In order
to overcome this problem, the GeNTOPs were coated with lipid bilayer composed of
Dimyristoylphosphatidyl- choline (DMPC) lipid as described previously(cite my paper).

The nano spheres tend to be in monodispersed form even after three months. We
performed a quantitative analysis on the size of nanospheres synthesized at different
time intervals, calculated the spring constants and characterized the optical trapping of
semiconductor nanospheres. We showed that GeNTOPs has better trapping efficiency
than the nanospheres reported previously. Eventhough, the metallic nanospheres have
high trapping efficiency than commercially available polystyrene and silicon nano spheres,

they have the disadvantage like quenching the fluorescence signal, heating up and weak
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optical trapping of the smaller sized particles. As the absorbance range (280 nm) of the
GeNTOPs are far away from the NIR range (1064 nm), the absorption of the light in NIR
region is negligible and resulted in less heating up of the particles. The GeNTOPs also
has high spatio temporal resolution.The temporal resolution achieved with the particles
were around 2 ps. This makes the GeNTOPs an ideal candidate to be used in biological
application such as to perform force measurements in cells, study about protein interaction

happening in microsecond level.

Experimental

Synthesis of Germanium nanospheres

The GeNTOPs were synthesized by following Guo et al?’ procedure with little modifica-
tion. Briefly, 0.0150 g of germanium oxide, a substrate was mixed with 0.076 g of quercetin
(stabilizing agent) and completely dissolved in 20 ml of 0.15M solution (Solution A). In
next step, 0.0295 g of sodium borohydride (NaBH,, reducing agent) was dissolved in 3 ml
of distilled water and stored in a refrigerator at 4 °C (Solution B). The pH value of the
resulting solution A was adjusted to pH 8.8 via titration with 37% HCL. Under continuous
stirring the mixture was placed in a preheated oil bath at 60 °C with uninterrupted stirring.
The reaction was stopped at different time points at 3, 4, 5, 6, 7 and 8 h, respectively. The
sample was collected at different time intervals and washed thoroughly by centrifuging

the sample at 13,000 rpm to remove remaining amounts of unreacted chemicals.

Characterization of Germanium nanospheres

The size characterization analysis were done using different techniques like Transmission
electron microscopy (TEM- Jeol 1400 plus), Dynamic light scattering (Malvern, Zetasizer

Nano ZSP) and with optical tweezer(Custom made). For, TEM about 10 puL of the samples



were sonicated and 5 uL of the sample were spotted in copper grid. About 1ml of the
sample (sonicated for 5 min) was used for DLS measurement. For, trapping experiments
with optical tweezers, the sample was diluted 100 times and 20 uL was filled in flow
cells. Flow cells were constructed as described before.** About 10 mg of the lyophilized
powder was used for X-ray powder diffraction (XRD) measurement (Philips X'pert X-ray

diffractometer).

Optical tweezers set up

Measurements were performed in single-beam optical tweezers optimized for stability
and performance. Briefly, for trapping, we used a laser with 1.0 W output power at 1,064
nm and a position-sensitive photodiode for back-focal-plane detection. The temperature

of the objectives was stabilized with feedback to 29.4 °C.=>

Power spectral density and temperature measurement

Calibration was based on a drag force method using a small sinusoidal stage movement
combined with power spectral analysis.***® Using the calibration, we measured the drag
coefficient and associated diameter of the nanosphere, and the trap stiffness k for all
spatial directions. Calibration measurements were performed at 10% laser power (output
power, 0.10 W) and trap stiffness was scaled up for 100% laser power (output power, 1 W,
Figure 3). Control measurements confirmed the linearity between trap stiffness and laser
power(Figure 4). For comparison, we used polystyrene microspheres with diameters of
0.590 (nPS %4 1.57, Bangs Laboratories). For the temperature measurement, the laser power
was increased from 0 W to 1 W with step size of 0.1 W. For every laser power, time series

were collected and PSD spectrum were acquired as mentioned before.
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