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Abstract

For many multivariable problems there are no efficient algorithms for finding
solutions. To this day, conventional electronic computers mainly solve problems in
a sequential manner. This sequential operation prevents problem-solving within a
reasonable time-frame due to superpolynomial, and sometimes even exponential,
time complexities. Developing powerful parallel computation techniques has
therefore gained increasing attention in science and industry to overcome this
fundamental limitation.

This thesis is aimed towards developing network-based biocomputation using
molecular motors for solving combinatorial problems in a massively parallel
manner. Molecular motors have been previously used to compute a small scale
subset sum problem encoded into a network of channels and junctions'. Here, we
tackle some of the engineering requirements of upscaling this system. Specifically,
we have developed; reliable surface treatments for chemical modification, the
regeneration of surfaces for a more sustainable fabrication process, the development
of high throughput fabrication with nanometre scale resolution, the design
optimisation of the graphical encoding and the development of two architectural
elements: programmable gates for versatile networks, and electric sensors for label
free detection of filaments.

We show how the material chemistry of molecular motor devices can be altered in
a controlled way to ensure selective protein binding, only promoting motility in
designated areas. To reuse these devices, we developed a method to regenerate the
surfaces with a non-destructive approach, which prolongs their life-time and enables
them to be used multiple times. We also present a new device system using two new
polymer resists with tuneable motility properties.

To be able to fabricate large-scale, high-resolution devices within a reasonable time-
frame we optimised the patterning parameters for electron beam lithography. We
also show that nanoimprint lithography can be used as a high-throughput, high-
resolution fabrication method to pattern the type of structures needed for molecular
motor devices. By adjusting the structural design and imprinting parameters we are
able to fabricate high aspect ratio patterns that successfully promote motility.

We also demonstrate a method of translating the exact cover problem into the subset
sum problem. We present the design optimisation of a large-scale network (~1000
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solutions) encoding the two combinatorial problems mentioned, and our progress
towards finding a solution using the molecular motor system actin-myosin II as
exploratory agents.

Additionally, we describe a method of creating switchable motility to create
programmable network-junctions to be able to compute different mathematical
encodings. Such dynamic encodings are a necessity for any viable computer.
Finally, we present the advancements towards creating an electric sensor for
detection of cytoskeletal filaments, using a carbon nanotube as a tripwire, to enable
a reliable readout method for highly parallel problem solving.

We conclude with a discussion of future challenges and prospects for network-based
biocomputation with molecular motors in the light of our findings presented here.
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Popularvetenskaplig sammanfattning

Molekyldra motorprotein dr sma biologiska motorer som kan liknas med vilken
annan motor som helst i det att de omvandlar energi till rorelse. De finns 6verallt i
vara celler och deras huvudroll dr att organisera logistiken inne i cellerna. Ménga
molekyldra motorsystem bestéar av tvé delar: ett spar och en motor som spatserar pa
spéret. Idag kan vi ta ut hela motorsystemet ur cellen och fdsta motorerna pa en
valfri yta. Efter extraheringen, kan sparen klippas sonder till tradliknande filament,
och om vi tillfér motorerna brinsle kan de gripa tag i filamenten och transportera
dem, ungefir som en rockstjarna som surfar pa publikhavet.

Det hér dr ju i sig sjilv ganska fascinerande, men vi skulle ocksa vilja tillimpa det
till ndgot lite mer anvéndbart i praktiken. Vad sidgs om att forsoka ge sig pa ett
riktigt, riktigt stort matematiskt problem som vanliga seriedatorer kimpar med att
16sa? Sadana problem &r exempelvis viktiga i optimeringen av rutter och elektriska
kretsar, 1 kodknédckning och i skapandet av nya specifika lakemedel genom att man
kan studera vilken form olika proteiner tar beroende pa de ingdende aminosyrorna.
Aven om det later nist intill otroligt, s& ar det faktiskt mojligt att utfora berdkningar
med molekyldra motorer och det 4r egentligen inte sérskilt svart. Tricket ar att skapa
en fysisk struktur av sitt matematiska problem, ungefar som en labyrint. Det ar det
vi kallar nitverksbaserad berékning med molekyldra motorer.

Nétverksbaserad berdkning med molekyldra motorer bestar i princip bara av ett
nitverk av sammansatta vigar, precis som viagarna vi kor véra bilar pa. Filamenten
matas in i ena dnden av nétverket, eller vid sérskilda positioner, och kan dérefter
komma ut vid olika platser beroende pa vilken vég de véljer inne i nitverket. Varje
rutt motsvarar olika berdkningar, och genom att filamenten gar pa uppticktsfard
genom hela nitverket kan vi fi vi reda pa alla 16sningar pa en och samma géng.
Givetvis géller det da att vagarna ar konstruerade pa ett sarskilt sétt sd de verkligen
kodar for olika berdkningar. Det gor vi bl. a. genom att tillsdtta sirskilda trafikregler
som vara upptéicktsresande filament méaste folja.

Niésta utmaning ér att fa vara filament att folja trafikreglerna. Genom att ha véldigt
smala leder, kan vi skapa enkelriktade végar dér det inte gar att géra U-svangar. Om
vi istéllet breddar vigarna, 6ppnar vi upp for dven mdtande trafik. Vi kan ocksa
skapa rondeller och tillfalliga avsparrningar som definierar vilka rutter som ar
tillitna. Odnskade svdngar kan t.ex. motverkas genom att ha vildigt skarpa
korsningar dér filamenten bara fortstter lings med den vig de kommer ifrén. Ett
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dnnu béttre sétt att forhindra oonskade sviangar vore att anvinda sig av tunnelsystem
med broar, men att implementera det kriver ytterligare teknikutveckling innan det
ar gorbart. De mer drastiska avspérrningarna kan anvéndas for att dndra pé vilka
vigar som 4r tillgdngliga. Detta innebér ju som tidigare skrivet, att vi dndrar pa
vilken berdkning vi utfor, vilket gor hela nétverkssystemet flexibelt. Vi kan ocksa
skapa végtullar som registrerar forbigadende filament. Om dessa placeras vid de olika
utgdngarna kan vi registrera resultaten pé vara berdkningar.

Som ni kanske redan misstidnker sa &r molekyldra motorer inte sérskilt stora, vilket
innebdr att filamenten de driver behdver vildigt, vildigt smé végbanor. I den hér
avhandlingen beskriver jag hur dessa kan tillverkas med tvé olika metoder och hur
vi selektivt kan placera vara motorer pd gatorna inne i var labyrint. Jag kommer att
beskriva hur vi kan skapa reglerbara avsparrningar som kan 6ppnas och stingas, och
en tdnkbar metod for att implementera elektriska tullar for att rikna forbigaende
filament. Dessutom kommer jag att beskriva hur vér labyrint ser ut i mer detalj och
kommer att forsoka forklara varfor det ar viktigt att utveckla parallella
berdkningsmetoder som denna.

Figur. Réda filament pa upptacktsfard genom ett natverk. Filamenten transporteras ovanpa gréna molekylara
motorer. Varje rutt i natverket reperesenterar en séarskild berakning, vilket innebar att vi kan finna alla I6sningar
parallellt.
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Popular science summary

Molecular motor proteins are small biological motors, similar to any other motor in
that they convert energy into motion. They are omnipresent in our cells, and one of
their main roles is to govern the logistics inside the cell. Many motor systems consist
of two parts: a track and a motor walking on this track. Today, we can extract the
entire motor system and glue the motors to a surface of our choice. Once extracted,
the tracks can be cut up into filament-like structures and if we supply our motors
with fuel, they’re able to latch onto the filaments and kick them forward, like a
crowd-surfing rock-star.

As fascinating as this is on its own, we would also like to apply this crowd-surfing
to something practically useful. How about tackling a really, really big mathematical
problem which our serially computing electronic computers struggle to calculate?
Such problems are for instance important for optimising routes and circuits, to break
encrypted codes and to create new specific target drugs by studying the shape of
different protein compositions. Unbelievable as it may sound, it’s actually possible
to compute with molecular motors, and it’s not really that complicated. The trick is
to create a physical structure of this mathematical problem, sort of like a
purposefully constructed maze. We call this network-based computation with
molecular motors.

Network-based computation with molecular motors is in principle just a network of
connected roads, just like the streets we drive our cars on. The filaments enter at a
certain point and can exit at different streets depending on what pathway they select.
Each street represents a different calculation, and so, by randomly exploring all
possible paths we can solve the encoded problem in a massively parallel manner
using our filaments as exploratory agents. Of course, the organisation of the streets
is carefully designed and there are certain traffic rules that the agents have to obey.

So how can we make our agents follow traffic rules? By using very narrow roads,
we can create one-way streets where U-turns are forbidden. If we broaden the streets
however, also meeting traffic is allowed. Furthermore, we can implement
roundabouts and roadblocks and define what paths are allowed and what paths are
not. Turns can for instance be prevented by using very sharp crossing angles,
causing agents to just pass straight by. An even better way to prevent turns would
be to use tunnels and bridges, though implementing this requires further technology
development. The more drastic roadblocks (or gates) can be used to change what
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streets are accessible, which in turn means we change the calculation. We can also
create check-points, similar to toll-stops or modern parking garages. These check-
points don’t do much more than register the passing of an exploring agent. However,
if we place these check-points at the exiting streets, we can obtain information about
what streets were accessible inside the network, which provides us with the correct
solutions to the maze.

As you might have gathered already, molecular motors are not very large in size,
meaning that the filaments they propel need very, very small roads. In this thesis I
describe how we can build these small roads using two different methods and how
we can selectively place our motors inside our maze of streets. I describe how we
can create switchable roadblocks that can be opened and closed, and I describe our
progress toward implementing electric check-points for detecting passing filaments.
Furthermore, I describe the maze layout in more detail and explain why it is
important to develop parallel computation techniques such as this.

Figure. Red filaments crowd-surfing on green motors, exploring all possible paths inside a network. Each path
represents a different calculation, enabling the encoded problem to be computed in a massively parallel manner.
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1 Introduction

Nanotechnology is often described as the manipulation of matter at a very small
scale, in the range 1 to 100 nanometres (1-100-10® m). It is an interdisciplinary field,
where the laws of physics, biology, chemistry, materials science and engineering all
blend and have to be considered together. The following text is a truly
interdisciplinary thesis within nanotechnology, where all the fields mentioned above
have been taken into consideration. The goal of this work has been to develop the
requirements for a large-scale parallel computer based on molecular motors for
solving combinatorial problems.

Naturally, the complexity of any computational problem grows when the number of
variables that need to be observed increases. For mathematical problems with a
combinatorial nature, an increase in the number of variables causes a
superpolynomial, and sometimes even exponential, growth in time complexity.
Let’s assume a doctor, Sarah, is specialised in treating people suffering from the
plague. The United Nations (UN) needs her to travel across the world to train and
treat people as soon as possible. Sarah can therefore, not afford to re-visit a country
as this would cause an international diplomatic crisis and outrage of why UN-
funding is misconducted to privilege one country over another. What route can
Sarah take, allowing her to cover all countries, exactly once as fast as possible before
the disease spreads further? To find the answer to this question, all possible routes
need to be explored. And as the number of countries Sarah needs to visit increases,
so does the computational complexity and thus, the problem blows up exponentially.

Combinatorial problems like the one Sarah encountered, are known as non-
deterministic polynomial time (NP) problems, problems with multiple solutions that
cannot be verified within a polynomial timeframe?. These problems are very
challenging for electronic computers that work in a sequential manner as often, no
efficient algorithms exist and instead, parallel computation techniques are needed.
To this date, existing parallel computation techniques such as, parallel electronic
computers®!, DNA computation®’, microfluidics based computation® and quantum
computation’, all have their own drawbacks and limitations for upscaling into more
complex systems (further discussed in Chapter 2).

In this thesis we further explore a parallel computation method based on molecular
motors. Molecular motors are a class of proteins that convert chemical energy into
mechanical motion in a highly energy-efficient manner"'®!!, enabling them to
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propel their corresponding cytoskeletal filamentous proteins. In the irn vitro motility
assay'?!* (IVMA) the motors are first isolated in functional form from the cell and
can then be adsorbed onto a surface with maintained function. The IVMA has
enabled many new insights into the physiological properties of molecular motor
systems'®", and has also gained interest as a basis for nanotechnology
applications'?* . The type of motility assay used here is the gliding assay'®, where
the molecular motors are immobilized on the substrate, while the filaments are
propelled along the surface in a random motion. This motion can be directed by
introducing chemically®*** and physically?*' confining tracks, which has led to the
exploration of various lab-on-a-chip applications'?'-%%,

In our motility assay system, we build a “flow cell” comprised of a thin, glass
coverslip onto which we paste two pieces of tape spaced a few mm apart (Figure
1.1). The surfaces we study are mounted onto the tape, face down, enabling addition
of protein and buffer solutions via capillary forces. We image the gliding assay
through the glass coverslip using an inverted fluorescence microscope and
fluorescently labelled actin filaments. To direct the motion of filaments, we use a
combination of physically and chemically confining tracks. The nanostructures are
created by lithography, providing channels with polymer walls. The channel floors
are chemically treated to allow motor binding in a motility-promoting manner, while
the walls are treated to inhibit this binding. The binding mechanism and motor
confinement will be further discussed in Chapters 2 and 3, and the patterning of
nanostructures is further discussed in Chapter 4.

Figure 1.1. Schematic illustrations and fluorescence micrographs of (left) a flow cell and our experimental set-up,
(middle) an in vitro motility assay on a flat surface and (right) and on a structured surface. The flow cell consists of a
glass slide with two pieces of tape onto which the sample is mounted upside down, creating an enclosed volume for
the protein assays. The flow cell is mounted face down onto a microscope and imaged using s fluorescence
microscope. Motors bound to a flat surface propel filaments in a random motion through active transport. The
fluorescently labelled filaments appear as bright snakes on the dark surface. The nanostructured surface physically
and chemically confines the motor system, only allowing the filaments to move from the large heart into the channel
and back again. The lower right micrograph shows the maximum intensity of a 60 s time-lapse movie. The scalebar is
5 pm in both fluorescence micrographs.
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The use of molecular motor systems for network-based computation (NBC) was
first reported in 2016', in the form of a proof-of-principle small scale network
solving a simple combinatorial problem known as the subset sum problem. The
subset sum problem®* (SSP) asks what sums are attainable given a set of numbers.
For instance, given the set (2, 3, 9), the possible sums and correct solutions,
correspond to (0), 2, 3, 5,9, 11, 12, 14. For small sets, such as the one demonstrated’,
it seems trivial and unnecessary to create a computer to find the solutions. However,
the SSP is of a combinatorial nature as all combinations of numbers must be
explored by brute force in order to find the correct answers. Therefore, the solution
space and thus, the time required to solve the problem grows exponentially, 2", with
the number of integers®****, n.

The motor systems are confined by a network of channels (Figure 1.2) consisting
of two types of junctions: pass and split. The pass junctions are basic cross-overs,
where filaments are supposed to continue along the straight path from which they
came. At split junctions however, the filaments can turn and thus, spread across the
network. The position of the split junctions define what numbers are encoded in the
network, as this defines how far right a filament can travel before making a turn,
and thus, at what positions filaments can exit the network. The farther right the
filaments exit the higher the resulting sum.
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Figure 1.2. Schematic layout of a biocomputational network of the combinatorial problem subset sum encoding the
numbers (10, 6,5, 3). Filaments enter the network of split and pass junctions through large areas called loading zones.
If the filaments try to enter the network from the wrong way, they are re-directed by rectifiers’. At the pass junctions
the filaments travel straight along the path they came from, and at split junctions they can turn either left (straight
down) or right. The farther right (when looking at the network at from above) a filament moves, the higher the resulting
sum. The number of pass junctions between two split rows match the numbers encoded. In the example path (dashed
line) the filament travels straight down through the first split junction encoding the number 10 (nothing is added). At
the second split junction, encoding the number 6, the filament turns and moves right 6 pass junctions (+6). At the third
split junction, encoding the number 5, the filament turns again and moves down (nothing is added), but at the fourth
split junction, encoding the number 3, the filament turns right again and travels even farther right, 3 pass junctions
(+3), and eventually exits at exit number 6+3=9. The scalebar in the split and pass junction figures is 500 nm. The
scalebar in the big figure is 25 pm.

In this thesis we mainly use the relatively small*® (~10 nm wide) actin-myosin II
system. The semiflexible''” filamentous actin is propelled by proteolytically
cleaved myosin-II fragments (known as heavy meromyosin (HMM)), at high
speeds''. To some extent, we also use the microtubule-kinesin system which has
larger'! (~25 nm wide) and more rigid microtubules''”’ that are propelled by
kinesin-1 motors at about 10-fold lower velocities®. The networks for the actin-
myosin II system are fabricated with polymer resist channel walls that are patterned
by electron beam lithography on channel floors made of SiO,/Si substrates which
are chemically modified to promote motility (described further in Chapter 3). This
thesis tackles some of the engineering requirements related to upscaling the proof-
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of-principle network demonstrated in 2016' and also demonstrates a method to
translate another combinatorial problem, exact cover, into the SSP and describes our
progress towards solving a larger scale network in the ~1000 solution range.

Figure 1.3. Schematic illustration of a) molecular motor-binding to a surface. To chemically confine the motor systems
we need to ensure the motors bind in an upright, motility-promoting manner with the motor domains protruding into
the solution. b) To enable a sustainable fabrication method we developed a procedure to cleave the motors off the
surface, allowing the samples to be reused without dissembling the flow cell.

To chemically confine molecular motor systems, the surface chemistry must differ
between the motility promoting (channel floor) and motility inhibiting (channel
wall) area. Furthermore, the material chemistry must be compatible with the
molecular motor system used, both in relation to toxicity as well as protein binding
to ensure the motors bind with the motor domain protruding into solution (Figure
1.3a). The binding mechanism of HMM to a surface is complex and depends on
both the surface charge® and the surface hydrophobicity* **. Previous studies®**
have shown that trimethylchlorosilane (TMCS) functionalised SiO; surfaces created
by chemical vapour deposition (CVD) promote high-quality actin filament motility.
In these studies, the CVD process occurred in a fully saturated TMCS system.
Initially, we used a similar process but noticed inconsistencies in sample behaviour
with respect to both measured contact angles and the actin filament sliding velocities
for different sample batches. We linked these observations to the limitations of the
CVD process performed in a relatively uncontrolled environment. To provide more
reliable results, we developed a CVD tool to enable silanisation in a more controlled
manner, enabling us to tailor the surface hydrophobicity without changing the
chemical composition of the surface (Paper I).

Furthermore, the re-use of nanostructured devices within molecular motor-based
applications is highly desirable due to the expensive and time-consuming
fabrication procedures, as well as from a sustainable perspective, as less material is
used and samples shipped elsewhere can be recycled and used for multiple
experiments. We therefore, developed a process for chemically cleaning the
nanostructures (Figure 1.3b) from old proteins without disassembling the
nanofluidic flow cells using a combination of the non-selective protease Proteinase
K and the non-ionic surfactant Triton X100 (Paper IV).
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Figure 1.4. Schematic illustration of a) electron beam lithography and b) nanoimprint lithography for molecular motor
devices. In electron beam lithography an electron beam is scanned across the surface, selectively exposing specific
regions, causing cross-linking or cleavage of the polymer, making it more or less soluble in a developer. In
nanoimprint lithograpy a polymer is heated above its glass transition temperature and a stamp is pressed down to
physically imprint structures. Both methods enable high-resolution nanoscaled patterning.

The required dimensions for molecular motor structures depend on the motor system
used. Channels can be designed so that they represent “one-way streets” by taking
advantage of the persistence length of the filaments®’**, where an advantage of more
rigid filaments are that wider channels can be used. The actin-myosin system
requires high-resolution fabrication techniques based on the necessary feature size
(channel widths around 200-300 nm”’) to prevent U-turns. Such structures are
patterned by electron beam lithography (EBL), where selective areas of a polymer
are exposed with an electron beam causing cross-linking or cleavage of polymer
chains (Figure 1.4a). This provides high flexibility in pattern design but at a very
low throughput. We optimised the processing parameters for a new sensitive
electron beam resist, CSAR62 in our currently available electron beam lithography
system as well as a newly purchased system to improve the throughput of patterning
larger-scale computational networks (Paper I1I).

Another fabrication method that can be used to achieve high-resolution patterns but
with a higher throughput is nanoimprint lithography (NIL) where a stamp is used to
imprint a polymer (Figure 1.4b). NIL was first used for fabricating narrow channels
(100-400 nm) for molecular motor devices in 2005 by Bunk et al**. However,
structures for molecular motors also require large open areas, “loading zones” (see
Figure 1.2), to collect the filaments from solution and funnel them towards the
connecting channels''. Such structures, with a large width relative to the height,
are difficult to imprint with NIL as the imprinted polymer needs to be displaced
across large distances*’. We extended the previous imprinting study* for molecular
motor devices to include a method of fabricating a new type of loading zone. By
introducing pillars inside the loading zones, we could provide close by regions into
which the resist could be displaced (Paper II). We also extended the previously
results by optimising the process for a new imprinting resist, TU7, which has a low
glass transition temperature allowing imprints below 100°C.
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Figure 1.5. Schematic illustration of a) a programmable gate using the thermoresponsive polymer PNIPAM to switch
between a blocked (OFF) and unblocked channel (ON) and b) a nanoFET with a carbon nanotube to create an
electrical detection method enabling label-free and microscope-free experiments.

Allowing imprinting of large-scale networks and the re-generation of surfaces for
multiple use, creates an attractive and sustainable computational method. However,
to create a versatile computer that can be used to encode different numbers, a
programmable gate is needed. Such a gate can be used to transform pass junctions
into split junctions, and vice versa, by blocking and unblocking certain paths
(Figure 1.5a). Initial studies’ for blocking and promoting the motility of
microtubules were done on Au patterned surfaces, and demonstrated the proof-of-
principle of using a thermo-responsive polymer poly(N-isopropylacrylamide)
(PNIPAM) to create physical roadblocks. At low temperatures, PNIPAM resides in
an extended form, blocking the molecular motors, inhibiting motility. If the
temperature is increased, the polymer curls up and exposes the motors, and the
roadblock is lifted. We continued this work, aiming to create a gating mechanism
inside our channel structures, to create switchable, and thus programmable,
networks by selective patterning of a polymer linker for PNIPAM grafting (Paper
V).

Another important enabler for large-scale biocomputation, is technology to detect a
large number of filaments passing different check-points, e.g., at the network exits.
If this detection is done electrically, the need for fluorescent labels becomes
redundant, and neither labels nor microscopes need to be used. Additionally,
electrical detection and read-out would enable a direct interface to traditional,
electronic computers. We have begun development towards an electrical readout
method using a single-walled carbon nanotube (CNT) as a nanoscale field effect
transistor* (nanoFET) (Figure 1.5b). CNTs have previously been used as
nanoFETs*™!, but to the best of our knowledge, not for detecting the passing of an
unbound protein. A voltage is applied across the CNT, creating a current sensitive
to the local charge environment. As a charged particle, e.g., a protein filament,
passes in close proximity of the CNT, the charge environment changes which
modulates the electric output signal. Therefore, the passing of a charged particle
should be detectable as a function of time. Our molecular motor systems require
buffer solutions with different ionic constituents. This affects the distance at which
our protein charges can be detected as the electrolytes screen the electric potential.

28



We examined the effect of the local environment in terms of ionic strength; how
close the filaments need to pass the CNT and the quality of motility at very low
ionic strengths. We found that the CNTs have to be placed on top of pedestals to
allow filaments being propelled above the surface to graze across the CNT, and that
there is a trade-off between retaining function of the biological system and what gap
size is possible between filament and CNT.

The developments presented in this thesis, provide stepping stones towards using
large-scale biocomputational networks to solve combinatorial problems in a
massively parallel manner. Further development of parallel computation techniques
for solving these types of problems, opens up for exploring entirely new scientific
questions that previously were impossible to manage within, e.g., artificial
intelligence®>>, complex studies of protein folding®*®, network route

optimisations®® and many more.
The remaining chapters of this thesis are laid out as follows:

Chapter 2 introduces molecular motor systems, in particular the actin-myosin II and
microtubule-kinesin 1 system in more detail, to provide a background for how these
motor systems can be used in nanotechnology devices, in particular for computation.
A theoretical background on the type of computational problems studied is also
introduced. Furthermore, a brief review of the two main patterning techniques (EBL
and NIL) used throughout this thesis is presented.

Chapter 3 focuses on the surface chemistry of the devices and describes how
surfaces can be modified in a controllable manner to ensure selective motility (Paper
I) and how surfaces can be cleaned and reused multiple times (Paper V).

Chapter 4 describes the optimisation and development of nanopatterning for EBL
(Paper III) and NIL (Paper II) to enable higher throughput fabrication of large
networks without loss of structural resolution.

Chapter 5 demonstrates our efforts towards solving an upscaled network encoding
the combinatorial problem exact cover. The algorithm for translating the exact cover
problem into the previously demonstrated subset sum problem is presented as well
as the design optimisation for this new network and preliminary results on a 10°-
solution-space order.

Chapter 6 presents the progress towards developing a programmable gate for
switching the number encoding inside a network (Paper V), and the progress
towards developing an electric readout method using a CNT as a nanoFET.

Chapter 7 summarizes the results presented and describes future improvements and
developments in this area.
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2 Background

This chapter aims to provide sufficient background knowledge for the reader to be
able to understand the results presented in the chapters to follow, and to appreciate
their scientific significance. A brief introduction to molecular motor systems is
given, in particular the actin-myosin Il and the microtubule-kinesin 1 system,
together with a few notes on what to consider when selecting a new system. The
second part of this chapter introduces the two main patterning techniques used in
this thesis: electron beam lithography and nanoimprint lithography. The third and
final part of this chapter presents the type of mathematical problems that are of
interest in parallel computation and how these can be solved. A short introduction
is given to some pertinent techniques including quantum computation and DNA
computation, as well as an introduction of network-based computation with
molecular motors.

2.1 Molecular motor proteins

Molecular motors are proteins that govern the active and directed movement in all
eukaryotic cells. The motors convert chemical energy of adenosine triphosphate
(ATP) hydrolysis into mechanical motion in a highly energy-efficient manner''*!!,
In the in vitro motility assay'>"> (IVMA) the motors are isolated from the cell and
adsorbed onto a surface. In the presence of ATP, the corresponding cytoskeletal
filaments are propelled in a random direction through active transport by the motors.
This motion can be directed using chemically*** and physically’*>' confining
tracks, but the efficiency of the guiding along these tracks is highly dependent on
the persistence length of the filaments***’2' i e., their flexural rigidity. The most
important properties to consider when choosing a molecular motor system for
nanotechnology applications are:

e Persistence length: defines the dimension requirements of the
nanostructures. Very flexible filaments require narrow tracks***’ to ensure
unidirectional motion but also enable very compact nanostructures as the
filaments can turn through steeper radii. More rigid filaments allow for
larger nanostructures which simplifies fabrication but puts constraints on
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imaging techniques due to the increase in size as the structures will expand
outside the imaging field of view.

e Filament gliding velocity: defines how fast filaments run through a device
and what temperature range’’ the system needs to be operated in. It may be
preferential to decrease the filament speed in certain devices or regions to
facilitate readout or detection, while larger nanostructure systems could
benefit statistically from higher velocities due to an increased current
density of filaments.

e Processivity: defines if the filaments are more or less likely to detach from
the motors and is usually negatively correlated with the gliding speed. Non-
processive motors require many motors to propel the filaments, making it
difficult for filaments to escape via side-wall interactions. These motors
detach readily from their filaments, usually providing higher gliding
velocities than processive motors.

2.1.1 The actin-myosin II system

Striated muscle tissue is composed of repeating units known as sarcomeres which
consist of thin actin containing filaments and thicker myosin II containing
filaments®® (Figure 2.1). Upon activation, the filaments slide along each other
driven by a cyclic binding-unbinding process between myosin motor domains and
actin filaments. This, so called the cross-bridge cycle, is the molecular basis for
muscles contraction®”,

Figure 2.1. Schematic illustration of a sarcomere, showing the actin filaments in aqua shades and myosin filaments in
purple. Figure freely intepreted from®'.
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The actin filaments consist of globular monomers, G-actin, arranged in a helical
structure®® which creates polar filaments, F-actin, with one end denoted the plus end
or barbed end and the other the minus end or pointed end. During actin
polymerization, the filament preferentially elongates by monomers binding to the
plus end®, hence the terminology. Each actin filament has a diameter of ~9 nm**
and can grow several micrometres long. Due to their structural composition, actin
filaments are semi-flexible on the length scale of a cell with a persistence length
around 10-20 pum'*". In this thesis, mainly rhodamine-phalloidin labelled actin
filaments have been used, which usually have a persistence length in the upper part
of the mentioned range’”**%,

The myosin super family consists of 35 different myosin classes®®’. In this thesis
we have used (rabbit) skeletal muscle myosin II. Muscle myosin II forms thick
bipolar filaments with globular units, heads, that are around 10 nm long and 5 nm
wide. These heads contain the motor domains: a catalytic site for ATP turnover and
positively charged surface loops with central roles in actin binding®®. Myosin II can
be proteolytically cleaved into subunits®, resulting in light meromyosin and heavy
meromyosin (HMM). The HMM tail is negatively charged and forms a coiled-coil
consisting of o-helical segments of the two myosin heavy chains that make up the
bulk of each myosin molecule’. Figure 2.2 shows two transmission electron
microscope (TEM) images of negatively stained myosin II (a) and HMM bound to
actin filaments (b). Both samples have been stained with uranyl acetate’ on square
meshed TEM Cu grids with pioloform membranes. The concentration of myosin 11
is 2550 pg/ml and the actin-HMM concentration is 630 pg/ml, both contained in
LISS buffer (1 mM MgCl,, 10 mM MOPS, 0.1 mM K>EGTA in IM KOH) with 3M
KCI. The images are taken with a JEOL JEM-1400 Plus TEM at 100 kV acceleration
voltage.

Figure 2.2. TEM images of negatively stained myosin Il (a) and HMM bound to actin filaments (b).
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The cross-bridge cycle

The cross-bridge cycle is a cyclic process of binding and unbinding of myosin to
actin powered by ATP. Upon binding of an ATP molecule, myosin undergoes a
conformational change®’ that lowers the actin-myosin binding affinity (Figure
2.3a). Associated with hydrolysis of ATP into adenosine diphosphate (ADP) and
inorganic phosphate (Pi), the myosin motor undergoes a larger conformational
change, forcing the head with its lever arm structure into a pre-power stroke, cocked
position (Figure 2.3b). Initially, the myosin binding sites on actin filaments are
blocked by two proteins: troponin and tropomyosin. When troponin binds Ca*" it
undergoes a conformational change” which in turn induces the position of
tropomyosin to shift, allowing myosin to bind to actin. The binding of myosin to
actin (Figure 2.3c¢) leads to an accelerated dissociation of P; (Figure 2.3d) followed
by the release of ADP (Figure 2.3e). These chemical changes are closely associated
with a force-generating structural change; a swing of the lever arm creating a power-
stroke, that pulls the actin filaments toward the centre of the sarcomere. The cycle
is repeated if a new ATP molecule binds to the myosin motor. Thus, each cycle or
“step” (~10 nm)’* only consumes one ATP molecule under physiological conditions
which corresponds to approximately 25 kT (100-10%' J)!®!', This makes these
motors highly energy efficient with a maximum thermodynamic efficiency for an
ensemble of motors of up to ~50%'’. Furthermore, myosin II always moves toward
the plus end of an actin filament and is a non-processive motor, allowing propulsion
of actin filaments at high velocities (~10 pm/s)'".

As mentioned in the introduction, we use a combination of TMCS-derivatised
channel floors and polymer channel walls to chemically and physically confine the
actin-myosin II system in our devices.
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Figure 2.3. Schematic illustration of the cross-bridge cycle. a) The binding of ATP to myosin causes a weaker
interaction between actin and myosin. b) The ATP molecule is hydrolysed into ADP and inorganic phosphate (Pi),
which causes a conformational change in the myosin, forcing the motor domain and its lever arm into a cocked
position. ¢) The myosin head re-binds to the actin filament causing d) dissociation of inorganic phosphate from the
catalytic site followed by a power-stroke, pulling on the actin filament, and e) ADP dissociates. As a new ATP
molecule binds in the cycle is repeated. Figure freely intepreted from®'.

2.1.2 The microtubule-kinesin system

Microtubules consist of tubulin protofilaments arranged in a 3-start helical structure
running parallel to the axis of the filament”. This creates stiff, hollow tubes with a
diameter of 25 nm'" with a several millimetre long persistence length in solution''-’.
If transported along kinesin motor tracks, microtubules have a shorter persistence
length around 100 um’® (albeit, this depends on the filament length). Similar to
actin, microtubules have a plus and a minus end due to the asymmetry of the dimers.
Kinesin 1 is a motor protein highly involved in cargo transport within the cell”’.
Like myosin, kinesin has two heads containing the binding sites for microtubules’®.
The binding mechanism is similar to that of the actomyosin system®*’? involving
varying binding affinities coupled to different states in the ATP turnover cycle®®.
Unlike myosin-II, kinesin 1 is a processive motor'*® which means that at least one
of the heads is bound to the microtubule at all times. Related to this processivity,
kinesin-1 propels microtubules at a slow rate (1 um/s). The step size is around 8

1’11’1’11.
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Due to the longer persistence length of microtubules* as compared to actin
filaments® wider channels, up to 19 um wide’, can be used in nanotechnology
devices. However, any interaction of microtubules with the side-walls causes a re-
direction of their pathway, both along and up the wall, which may lead to
detachment™. Wider channels enable microtubules to approach the wall at larger
angles, increasing the risk of detachment. Therefore, they are better guided in
narrower tracks below 1 pm?®.

For the microtubule-kinesin system we use a combination of SiO, channel walls and
Au channel floors in our devices. The motility on the SiO, can be suppressed by
preventing kinesin binding through polyethylene glycol (PEG) treatment® and a
high density of kinesin motors can be bound to Au to promote motility*'. Thus, the
combination of PEGylated SiO, walls and Au floors provides a high contrast in
motility on the floors as compared to the walls®'.

2.2 Patterning techniques for molecular motor devices

The physical confinement of the molecular motor systems is done by nanoscale
channels. For the actin-myosin II system the confining channels are made directly
in polymer resist, whereas for the microtubule-kinesin 1 system, these channels are
defined in polymer resist and subsequently etched down into SiO,. The following
section gives a brief introduction to the two lithography methods used in this thesis
for defining the channel structures: electron beam lithography and nanoimprint
lithography.

2.2.1 Electron beam lithography

Electron beam lithography (EBL) uses high-energy electrons to pattern a polymer
resist, which enables patterning with a high resolution (sub 10 nm)***, using
commercially available tools and materials. Unlike the most common forms of ultra
violet lithography (UVL), EBL does not require the use of a mask for selective
exposure. Instead, the structures are patterned by selective exposure in an adjustable
pattern by an electron beam scanning across the surface (Figure 1.4a). Therefore,
EBL is a very adaptable method well suited for research.

To create the electron beam, primary electrons are extracted from an electron source
and accelerated towards the specimen with an energy corresponding to the
acceleration voltage. The electron beam is focused by electromagnetic and/or
electrostatic lenses as it travels towards the specimen. It travels through the electron
column (all kept in high vacuum), creating a very small, few nanometres wide®,
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focused electron probe. When the primary electrons reach the sample, they begin
interacting with the resist.

There are two classes of resists, negative tone and positive tone resists®*. Positive
tone resists have long polymer chains that are cleaved upon electron beam exposure,
making the exposed areas more soluble. Negative tone resists consist of shorter
polymer chains that are cross-linked upon exposure, making these areas less soluble.
Obviously, there are a range of different polymer chain lengths and compositions,
affecting both the contrast and sensitivity for each resist while also making them
more or less soluble in different types of developers.

There are different types of electron-matter interaction depending on the electron
energy. Low-energy electrons can scatter both elastically and inelastically®®. Elastic
scattering will cause the primary electrons to slightly deflect, causing beam
broadening. Inelastic scattering will generate (shorter-range) secondary electrons in
the resist, which in turn may lead to proximity exposures. Higher energy electrons
penetrate the sample deeper, all the way into the substrate. Here, they can
backscatter and re-enter the resist layer, causing a larger proximity exposure, which
can overexpose or even distort the pattern. If the acceleration voltage is increased,
the number of inelastic scattering events in the resist will decrease as the electron
energy increases, and less beam broadening will occur®. However, this increased
substrate interaction will cause a longer-range proximity effect than at lower
voltages. As the electron energy is increased, the sensitivity of the resist is
decreased, i.e., the number of chain scissions or cross-links per electron will
decrease, and higher exposure doses are required, due to that it is mostly scattered,
low-energy electrons that interact with the resist. In turn, the exposure dose strongly
affects the pattern quality, as a too low electron dose leads to underexposure, and
the structure will not be fully patterned. A too high electron dose will cause an
overexposure, resulting in broadening of the pattern, as well as possible feature
collapses in very dense patterns. It is therefore, very important to choose the correct
resist and developer for each purpose, as well as the appropriate hardware
parameters. The overall pattern resolution will depend on the probe size, the type of
resist and developer used, the type of electron scattering occurring as well as the
range of any secondary electrons generated™.

Albeit the high flexibility of use, EBL also has several drawbacks. A drawback
related to beam scanning is the long exposure time needed as compared to the flood-
like exposure during projection UVL. Furthermore, depending on the exposure
parameters and the resist material used, scattered electrons can be an issue by
causing proximity effects®. Also, electrostatic charging may occur in non-
conductive materials, causing defocusing of the electron beam (due to Coulomb
interactions), which decreases the resolution®.
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2.2.2 Nanoimprint lithography

Nanoimprint lithography (NIL) is a high-throughput technique suitable for large-
scale fabrication while providing sub-10 nm resolution®”**. There are two main
types of NIL, UV-NIL* and thermal NIL (T-NIL)*. In both instances, a polymer
resist is heated above its glass transition temperature and a stamp is uniformly
pressed down into the resist at a high pressure, transferring the stamp pattern into
the polymer, by physically displacing the polymer and filling the stamp protrusions
(Figure 1.4b). In T-NIL the polymer resist is cured by cooling, whereas in UV-NIL
the polymer resist is cured using UV-light. Therefore, mainly negative tone resists
are used for NIL. The mother-stamp for T-NIL is made out of a hard material, e.g.,
a metal or SiO, on Si”°. However, the resist in UV-NIL needs to be flooded with
UV-light to initiate the catalytic cross-linking reaction to cure the resist®. This
means that the stamp or substrate needs to be transparent. In this thesis a hard
mother-stamp is used to create a transparent intermediate polymer stamp (IPS®) by
T-NIL. The IPS® is then used to imprint a UV-curable resist with UV-NIL. Usually,
the stamp is not pushed into contact all the way down to the substrate, but a thin
residual layer of resist is left to protect the structures. This residual layer can be
removed by oxygen-plasma treatment. A schematic illustration of a NIL process is
seen in Figure 2.4.
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Figure 2.4. Schematic illustration of a NIL processes. In thermal imprinting 1) the polymer is heated above its glass
transition temperature, Tq, and 2) imprinted with a hard stamp at an elevated pressure. The polymer is cured by
cooling at the elevated pressure. The pressure is then decreased to atmospheric pressure and 3) the stamp is
released. In UV-NIL 4) the resist is heated above Ty and 5) imprinted at an elevated pressure. The resist is cured by
UV-light exposure before 6) releasing the stamp. Figure designed based on the process used in our imprinting tool.

2.3 Solving combinatorial problems

Many important mathematical problems are of combinatorial nature: the correct
solution(s) consist of a combination of input objects. These problems are important
in for instance, developing artificial intelligence®*>, optimal network routing™,
game theory’', protein folding™* and cryptography®.

A specific subarea of combinatorial problems is the non-deterministic polynomial
time (NP) problems. These are problems with multiple solutions that cannot be
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verified within a polynomial timeframe” as the number of input objects, #, increase,
such as the Travelling Salesman problem Sarah encountered in the introduction.
Polynomial time-complexities can be described as n*, whereas many combinatorial
problems that must be solved by brute force, such as the SSP, are described by an
exponential time-complexity, 2". Sequentially solving these problems quickly
becomes intractable as a function of n due to the exponential scaling, and instead,
parallel computation techniques are required. However, if different NP-problems
can be reduced to other NP-problems by algorithms that scale polynomially®* %,
they are considered complete, i.e., “NP-complete”. Thus, solving one NP-complete
problem, offers in principle, a way to solve all problems in this class.

Apart from high-power consuming multi-core processing with electronic parallel
computers™*, there are several other alternative parallel computation techniques
currently being explored. A few instances of these are: microfluidics based
computation®, DNA computation®’ and quantum computation’, described briefly in
the section below.

2.3.1 Alternative parallel computation techniques

Microfluidics based computation® is an NBC technique, in which liquids with
fluorescent beads are pushed through channels to explore all possible paths
encoding a mathematical problem®. External pressures are required”® to maintain
flow along the channels, and the pressure requirements increase impractically as a
function of n. In addition, the architecture becomes intractably complex for larger
instances, which prevents the technique from scaling well.

DNA (deoxyribonucleic acid) computation®’ uses large amounts of nucleotide

(adenosine, thymidine, cytosine and guanidine) combinations, i.e., single stranded
DNA, as computing agents. The solutions to the problem are encoded as unique
nucleotide sequences and the agents compute by selectively combining with their
complementary strands, creating double stranded DNA. This enables all excess
single stranded DNA agents with the “wrong” sequence to be discarded. If the paired
sequences are immobilized on the surface’, the doubled stranded DNA can be
extracted and further sorted, so that only the correct solution(s) remain (if there is a
correct solution). Another method”’ is to generate an output signal in the form of a
single DNA strand with a specific sequence upon activation by DNA agents
(complementary DNA strands). The DNA agents combine with partially doubled
stranded DNA and then release the originally bound strand after branch migration
has occurred, generating the output signal. Despite its versatility, high energy
efficiency’ and parallelism, the major drawback with DNA computation is the quite
large error-rate”. As a consequence of this, impractical amounts of DNA"* are
required to ensure statistically significant results for large problems.
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The basis of quantum computation is to process coherent quantum mechanical
waves using “qubits”, which are quantum systems with two states that can be
superpositioned’. Furthermore, in the world of quantum mechanics, the qubits can
also be entangled providing even more states which makes this technique massively
parallel. However, quantum computation is currently underdeveloped, though a
huge effort is ongoing to develop new qubit systems and optimizing computational
designs to limit decoherence-causing destructive noise.

2.3.2 Computing with molecular motors

All parallel computation methods mentioned in the previous section suffer from
drawbacks, and are currently not able to solve large instances of NP-complete
problems. We have chosen to explore the possibility of using molecular motors as
computing agents in nanoscaled NBC systems, i.e., where the mathematical
problem is graphically encoded into a network of channels and junctions (see
example in Figure 1.2). Each pathway in the network corresponds to a different
solution, which means that a large number of proteins can be used to compute
problems in a massively parallel manner. Since the agents are self-propelled, no
external forces (e.g., pressure difference or electricity) are needed.

A major benefit of computing with molecular motors is the low energy requirement.
The self-propelling mechanical work, is fuelled by the chemical energy molecule
ATP in a highly energy-efficient' manner, as mentioned in section 2.1. For
comparison, the Landauer limit, stating the minimal energy cost due to heat
generation for any computational system, and is defined as kTIn2 =~ 2.9-10722 ]
per binary operation'®. The energy cost in molecular motor-powered computational
systems can be defined as the amount of energy required to perform one
computational operation, such as moving a cytoskeletal filament past one split-
junction point to another. This in turn, is determined by the step size and energy cost
per step which depends on the number of heads binding to each filament, as each
unbinding event requires 1 ATP molecule (corresponding to 25kT ~ 100 - 10721
J). The energy consumption per operation for a molecular motor-based NBC
computer', encoding the SSP (see example in Figure 1.2) of the 30 first prime
numbers, is on average ~2 -+ 1071* J for both myosin II and kinesin 1 propelled
filaments, i.e., the energy required to travel between two split junctions. This is
much lower than for an electronic super computer which requires approximately
2.3 — 5.3 10710 J per binary operation (see more detailed calculations in Nicolau
et al." supporting information S7), several orders of magnitude more than molecular
motors. This makes molecular motor-based computation a very viable and
worthwhile parallel computation technique, promising also for larger instances of
NP-complete problems.
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3 Surface treatment

The material chemistry of molecular motor devices must be compatible with the
sensitive biological systems used to ensure selective motility and protein binding.
This chapter describes how we have optimized the chemical surface treatment of the
channel floors (Paper 1) and developed a method for cleaning and re-using our
nanodevices (Paper 1V). We also describe the initial results of a new device system
using two different polymers as both channel walls and floors.

3.1 Motivation and previous work

To enable selective motility in biomolecular devices (Figure 1.3), the surface
chemistry of the channel floors must differ from that of the channel walls. This is
achieved here, by using different materials for the floor as compared to the walls,
where the motility on the walls is suppressed and the motility on the floors is
promoted.

Both the surface charge® and surface hydrophobicity*®** affect the binding
mechanism of HMM to a surface. As mentioned in Chapter 2, the HMM tail has an
excess negative charge, whereas its two heads have an excess positive charge.
Earlier studies'”'™'* have shown motility on positively charged surfaces, suggesting
that electrostatic forces promote the adsorption of the negatively charged HMM
tail'®!%. Further studies on the actin-myosin system>->**** indicate that more
hydrophobic surfaces tend to promote actin motility due to HMM configurations
with the heads extending out into solution®. This entropically driven adsorption®’ is
believed to be related to partial unfolding®' of the HMM tail, at the point where it
was been cleaved off from light meromyosin by chymotrypsin.

There are several methods to change the surface hydrophobicity, e.g., by oxygen
plasma treatment or through surface functionalization with different silanes**'9%1%,
Previous studies®** have shown that trimethylchlorosilane (TMCS) functionalised
surfaces promote high quality actin filament motility. The SiO, channel floors in the
actin-myosin devices form silanols (SiOH) that are easily derivatized with e.g.,
TMCS. TMCS reacts with surface silanols and forms a monolayer of hydrophobic
methyl groups through a chemical vapour deposition (CVD) process (Figure 3.1).
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To introduce more hydroxyl groups, the SiO, surface can be activated with oxygen
plasma. This oxygen plasma treatment also oxidizes the surrounding polymer walls
used in our devices, making them more hydrophilic, allowing motility to be
supressed.

Figure 3.1. Schematic illustration of the trimethylchlorosilane (TMCS) reaction with hydroxyl groups on a SiO2
surface. The chlorine group in TMCS reacts with hydroxyl groups on SiO2 forming a monolayer of methyl groups
(hydrophobic moieties).

In previous TMCS studies***, the CVD process occurred in a fully saturated TMCS
system. Initially, we used a similar process but noticed inconsistencies in sample
behaviour, with respect to both the measured static water contact angles and the
actin filament sliding velocities for different sample batches. We linked these
observations to the primitive nature of the used CVD process, performed in an
uncontrolled environment in a glass jar or petri dish, in a glove-box used by multiple
users for a large variety of different chemical procedures.

To provide more reliable results, with a consistent device performance in terms of
motility on the SiO, channel floors, we developed a CVD tool to enable silanisation
in a more controlled manner (Paper I), described in more detail in section 3.2 below.
We found that the surface hydrophobicity could be tailored by varying the TMCS
partial pressure and silanisation duration.

Hitherto, mainly poly(methyl metacrylate) (PMMA) has been used, both for EBL'*!
and NIL* for actin-myosin II devices. Previous actin-myosin motility studies on
different polymers?*-2>-3%197 was published over a decade ago, and new and improved
materials are constantly being developed. Therefore, we studied two new and
improved polymer resists, CSAR62 and TU7, for channel wall structures patterned
by EBL and NIL, respectively. We found that motility could be supressed by oxygen
plasma treatment, making both polymers a suitable material choice for channel
walls. Moreover, no autofluorescence was observed during [IVMAs with rhodamine-
phalloidin labelled actin filaments and both polymers supported motility when left
un-treated by oxygen plasma, indicating a lack of protein-toxicity. We also
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developed a new device system using a combination of the two polymers as channel
floors and channel walls, completely removing the requirement of modifying the
SiO; surface by silanisation. Albeit observing motility, the filament velocity was
still lower on these surfaces as compared to that than on TMCS-derivatised SiO;
and will need further development before being a viable contender. These studies
are further described in section 3.3.

The re-use of nanostructured devices within molecular motor-based applications is
highly desirable due to the expensive and time-consuming fabrication procedures,
as well as from a sustainability perspective as less material is used and samples
shipped elsewhere can be recycled for multiple experiments. Therefore, we
developed a process for chemically cleaning the nanostructures from old proteins
without disassembling the nanofluidic flow cells (Paper IV, section 3.4).

3.2 Controlled surface modification (Paper I)

Figure 3.2 shows a 3D-render of our home-built CVD set-up for silanisation. The
silanisation chamber is pumped down to vacuum pressure (107 bar) to reduce the
amount of contamination and oxygen levels. The valve system enables nitrogen
purging to clean the surfaces and the chamber, before and after silanisation. Since
the TMCS is never exposed outside the system, the shelf-time of the silane can be
expected to be prolonged and the tool can be located in a fume hood instead of inside
a glove box. Furthermore, the valve system enables silanisation at various partial
pressures of TMCS.
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Figure 3.2. a) Schematic diagram and b) 3D-render of the chemical vapour deposition tool built for silanisation. The
silanisation chamber is pumped down to vacuum pressure and flushed with N2 in repeated cycles to limit the amount
of contamination. The partial pressure of TMCS in the chamber is controlled by valves.

Earlier studies**'*® show an increase in the actin filament sliding velocity with an

increasing water contact angle, up to ~80°. At higher contact angles, the HMM
proteins are likely to denature, causing a reduction in motility. Also other factors
may affect the sliding velocity, including surface roughness*'%, due to friction or
non-uniform coverage with HMM. All previous studies of motility variations vs
contact angle have been done using a range of different surface materials. Figure
3.3 shows how we were able to tailor the surface hydrophobicity using only one
type of silane (TMCS) by varying the silanisation time and partial pressure of
TMCS.
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Figure 3.3. Water contact angle as a function of chamber pressure at different silanisation times. The chamber
pressure is pumped down to 102 mbar and increased by flowing in TMCS. The silanisation time is defined as the time
after reaching the respective chamber pressure. The water contact angle increases with an increased chamber
pressure and increased silanisation duration.

The measured water contact angle increased with the silanisation duration and
chamber pressure, indicating a higher surface coverage of TMCS. The highest
chamber pressure we could obtain was 260 mbar, which corresponds to a fully
saturated TMCS system at room temperature. To study the actin filament sliding
velocity at different degrees of TMCS coverage, we used two types of protein assay
solutions, amc130 (ionic strength 130 mM with methylcellulose) and a60 (ionic
strength 60 mM). The higher ionic strength in the amc130 solution promotes fewer,
but longer actin filaments as the interaction strength between actin monomers is
stronger. Furthermore, the amc130 solution contains methylcellulose which
prevents actin filaments from diffusing away from the surface even if they are not
tethered by HMM. Figure 3.4 shows the obtained sliding velocities in both assay
solutions for different water contact angles. At the lowest contact angles (10° and
28°), only the methylcellulose-containing amc130 solution showed motile actin
filaments, albeit at reduced velocity. At these low contact angles on negatively
charged SiO,, the majority of the HMM molecules are expected to bind via their
motor domains and not via their tail segment®**!%1% " causing a decrease in the
number of motility-promoting HMM molecules. The sliding velocities increasing
with an increased contact angle is consistent with previous ideas®!%, suggesting
that the fraction of HMM molecules bound via their tail domain increases with
larger contact angles. However, despite the observed higher velocity of actin
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filaments at higher contact angles, also the variability within the samples was larger.
At 86° we could observe areas with little to no motility. Overall, the total number
of motile filaments was also very low on these samples, suggesting stochastic
variations in the density of adsorbed functional HMM molecules in different
regions.

Figure 3.4. Actin filament sliding velocities at different water contact angles on TMCS-derivatised SiO2 surfaces using
a60 and amc130 protein assay solutions. The sliding velocity increases with an increasing water contact angle. At the
lowest contact angles in a60 no motility was observed (indicated by arrows). The motility experiments were performed
at 25.3£0.6°C (a60) and 24.8+0.9°C (amc130). 10 filaments/contact angle were analysed. The central mark of the
boxplot shows the median of the data set, the top edge of the box shows the 75" percentile and the lower edge of the
box shows the 25" percentile. The whiskers show the most extreme data points not considered to be outliers, where
an outlier is defined as a point greater than 1.5 times the interquartile range away from the top or bottom of the box
(marked in red). Reprinted with permission from''°. Copyright (2018) American Chemical Society.

3.3 Investigation of new polymer resists

The two main requirements for polymers to be able to be used for molecular motor-
based nanotechnology devices are 1) the biocompatibility of the resist with the
molecular motor system and 2) the ability to suppress motility to ensure selective
motility only the nanostructured channels with TMCS. Furthermore, as the
experiments utilise fluorescence microscopy, it is also important that the polymers
are not autofluorescent.

Our standard devices are made with polymer walls and TMCS-derivatised SiO;
floors. Therefore, all test-devices also went through the necessary steps for
processing nanostructured devices; baking, development, cross-linking etc. (details
in Paper I). Post-processing, a few chips were exposed to oxygen plasma, and a
subset of these were silanised with TMCS. We measured the static water contact
angles of the differently treated samples (Table 3.1) and compared this to the actin
filament velocity results obtained during IVMA experiments.
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The oxygen plasma treated surfaces showed a large decrease in the contact angle as
compared to the untreated chips. None of the surfaces were affected by the
silanisation, indicating that the polymers are very suitable for selective HMM-
binding onto the channel floors, and not to the polymer walls. This was confirmed
by the results from the IVMA experiments, which showed no motility on the
polymer surfaces that had been oxygen treated. Furthermore, we observed high-
quality motility, with comparable actin-filament sliding velocities to that on TMCS
derivatised Si0,''?, on both TU7 and CSAR62 (that had not been exposed to oxygen
plasma). These results indicate that both resists are also biocompatible with our
system.

Table 3.1. Water contact angle measurements on TU7, CSAR62 and SiO..

TU7! TU7? CSARG62! CSAR622 SiO,!
no TMCS 24x1° 65+1° 33+1° 71x1° <5°
TMCS 26+1° 63+1° 35+1° 71£1° 67+1°

"Exposed to oxygen plasma at 5 mbar for 15 s.

2Not oxygen plasma treated

To further expand our device tool-box we made new devices with TU7 floors and
CSARG62 walls. After spin-coating and baking the TU7, we cross-linked the polymer
through a UVL flood exposure (365 nm, 20 s) and then spun a layer of CSAR62 on
top. After a second bake, we patterned the top CSARG62 layer by EBL and performed
an oxygen plasma treatment before developing the structures in O-xylene. By
oxygen plasma treating the surface before development, we expected the top
CSARG62 surface to be oxidized while the TU7 channel floors were protected by the
undeveloped CSARG62. As a reference, we ran IVMASs on a non-plasma treated
CSARG62 surface (showed motility) as well as a CSAR62 surface that had been
oxygen plasma treated and then submerged in O-xylene (showed no motility),
indicating our plasma treatment was unaffected by the development.

In the nanostructured surfaces with CSAR62 channel walls, we observed selective
motility limited to the TU7 channel floors, however, at a reduced actin filament
velocity and longevity. Figure 3.5a shows the summarised results of actin filament
sliding velocities on TMCS derivatised SiO; reference surfaces for two temperatures
(19°C and 26°C), on flat CSARG62 (also at two temperatures) and TU7 surfaces, and
inside nanostructures made with CSAR62 walls with both TMCS derivatised SiO;
channel floors as well as TU7 channel floors. As could be expected, the velocities
are much higher in the higher temperature region. A noticeable difference between
the two different types of nanostructured surfaces (CSAR62-TU7 and CSAR62-
TMCS) is the much lower velocity on the TU7 floors as compared to the TMCS
floors. Figure 3.5b shows atomic force micrographs of flat CSAR62, flat TU7 and
the nanostructured CSAR62/TU7. The measured root mean square roughness was
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similar for both TU7 and CSAR62 (0.47+0.05 nm and 0.41+0.02), but both higher
and more uneven for the TU7 channel floors (1.90+0.78 nm) which likely contain a
lot of resist residue due to lack of oxygen treatment after EBL exposure and
development. These results are consistent with the idea that rougher surfaces might
cause a decrease in the sliding velocity due to friction**!®. Further processing
optimisations and nanostructuring in these polymer resists are discussed in section
4.4 (Paper II1) and 4.5 (paper I1I).

Figure 3.5. a) Actin filament sliding velocities on flat TMCS derivatised SiO2 surfaces, on flat CSAR62 surfaces and
flat TU7 without oxygen plasma exposure, and on nanostructured TMCS-derivatised SiO2 and TU7 channel floors with
CSARG62 walls. The motility experiments where performed at 19°C (left) and 26°C (right). 20 filaments/boxplot were
analysed. The central mark of the boxplot shows the median of the data set, the top edge of the box shows the 75"
percentile and the lower edge of the box shows the 25" percentile. The whiskers show the most extreme data points
not considered to be outliers, where an outlier is defined as a point greater than 1.5 times the interquartile range away
from the top or bottom of the box (marked in red). The green markers show all individual data points. b) Atomic force
micrographs of flat CSAR62, flat TU7 and of the TU7 floor inside a larger structure in patterned CSAR62.
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3.4 Surface regeneration (Paper I'V)

During IVMA experiments, we have repeatedly observed how filaments tend to
follow the sidewalls of nanostructures. To enable better studies of the effect of
different chemical modifications of channel floors, independent of the influence of
the walls, we developed some new structures which evenly distribute the filaments
across a limited surface area. To try and re-direct the filaments away from the
channel walls we introduced bulges or petals, creating flower-like structures. Before
fabricating any real structures, we first ran Monte Carlo simulations (designs and
analysis done by me, simulations done by Till Korten, see paper I for more details)
to provide a prediction of the filament behaviour (Figure 3.6). These simulations
were done for the microtubule-kinesin 1 system. In our initial designs we introduced
a central pillar to try and increase the number of re-directing events further.
However, according to the simulations, these pillars had no evident effect (compare
A, B with C, D, E, F). The difference between A and B is a central circle squeezing
the flower pattern to different extents, causing different angles at the petal
intersections. Clearly, a smaller circle (and thus, higher angle) pushes the filaments
more towards the centre. We varied the number of petals from 6 (A), 8 (G), 9 (H),
10 () to 12 (J) and found that more petals provide a more delocalised filament
distribution. Thus, for the devices, we designed structures with different numbers of
petals: 8 and 12, with different inner circle radii: 52, 54, 56, 58, 60 um and with
varied petal radii between 10 and 15 um. Figure 3.6K and Figure 3.6L show the
maximum projection of two fluorescence microscopy time-lapse movies of an
actual device with microtubules evenly distributed across the surface.
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Figure 3.6. Heat maps from Monte Carlo simulations (A-J) and fluorescence micrographs (K-L) of microtubules in
flower structures with varying properties regarding the number of petals, petal diameter and inner circle radius. Some
structures also contain a central pillar (white dashed line). The scale bars in K and L are both 50 pm.

For our initial actin-myosin experiments, we used flat surfaces of TMCS-derivatised
glass and SiO,, before moving on to large areas of un-patterned CSAR62 EBL resist,
partially covering a TMCS-derivatised SiO- surface, and finally nanostructures with
CSARG62 channel walls and TMCS-derivatised SiO; channel floors.

Figure 3.7 schematically illustrates the developed protocol for surface regeneration
involving the proteolytic enzyme proteinase K and the detergent Triton X100.
Proteinase K is a non-selective, highly active protease that attacks the peptide bonds
between several different amino acids''', and it has been used previously to cleave
actin''?. Therefore, we expected the proteinase K to appreciably lower the local
protein concentration through proteolysis. Detergents weaken hydrophobic
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interactions and are therefore, also likely to weaken the interaction between the
HMM molecules and the surface.

Figure 3.7. Schematic illustration of the surface regeneration process. HMM molecules are adsorbed onto a clean
surface and an IVMA experiment is run. The sample is then incubated with the non-selective proteolytic enzyme
proteinase K in order to cleave the HMM molecules into fragments. To inactivate proteinase K the sample is incubated
with phenylmethane sulfonyl fluoride (PMSF) before finally cleaning the surface with the detergent Triton X100 to
remove any remaining protein fragments.

Figure 3.8 shows the regeneration results using different detergents and protocols.
Our initial tests were done on TMCS derivatised glass surfaces and no detergent
was used. However, we observed a decrease in the actin filament sliding velocity
after regeneration, as well as an increased average filament length, while shorter
filaments detached more rapidly. This led us to believe that the HMM density was
lower on the regenerated surfaces, possibly due to steric hindrance to adsorption of
fresh HMM by HMM remnants from the previous IVMA experiment. We were able
to optimize this regeneration and obtain full surface recovery in terms of actin
filament velocity by including an additional cleaning step with the detergent sodium
dodecyl sulphate (SDS). This approach gave good motility quality even after
multiple regeneration cycles. We then moved on to the partially covered
CSAR62/TMCS-derivatised SiO» chips, with equally successful surface
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regeneration of the TMCS-derivatised SiO, area without sacrificing the motility
inhibition on the CSAR62 resist.

Figure 3.8. Actin filament velocity and length on TMCS-derivatised glass surfaces. a) For different incubation times
with proteinase K, the number of surfaces are stated in parentheses (). Between 9-30 filaments where analysed for
each experiment. b) Before and after regeneration with proteinase K (incubated 1 h) at 6 different experimental
occasions. ¢) For 1 h proteinase K incubation followed by 5 min SDS treatment at 0, 0.05%, 1%, 5%, the number of
surfaces are stated in parentheses (). Between 9-30 filaments where analysed for each experiment. The mean sliding
velocities are normalised to the same surface before regeneration. d) Before and after regeneration with 1 h
proteinase K incubation followed by 5 min 5% SDS treatment at 2 different experimental occasions. e) For 1 h
proteinase K incubation followed by 5 min Triton X100 (0.05%) treatment on flat SiO2 (1 surface, 18-25 filaments
analysed) and in nanostructures (1 surface, 3-12 filaments analysed). f) Before and after regeneration with 1 h
proteinase K incubation followed by 5 min Triton X100 (0.05%) treatment on flat SiO2 and in nanostructures. All data
are given as the mean £95% confidence interval.
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However, after the regeneration treatment of the nanostructures including CSAR62
channel walls and TMCS-derivatised SiO, channel floors, no motility could be
observed. One possible basis for this decrease in performance could be interactions
between the long hydrocarbon chains in SDS with the ester groups in CSAR62.
Another reason could be the anionic nature of SDS, adversely affecting the
performance of CSAR62, more prominent in the nanochannels than for larger
surfaces. Therefore, we tested a new non-ionic detergent, Triton X100, which does
not contain any long hydrocarbon chains. We were then able to obtain successfully
regenerated surfaces with high-quality actin filament motility on both TMCS-
derivatised glass and on nanostructured surfaces.

Figure 3.9. Maximum projections of fluorescence microscopy recordings (3.8 s) before and after regeneration of a)
partially covered CSAR62 and TMCS-derivatised SiO2 using proteinase K and 5% SDS and b) nanostructures in
CSAR62 with TMCS-derivatised SiO: floors using proteinase K and 0.05% Triton X100. The scalebar is 20 ym in all
images. CSARG62 was spin-coated and then partially removed from the central region of the sample in a) and b) (both
images are from the sample sample but at different locations).
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3.5 Concluding remarks

By modifying the surface hydrophobicity in a controlled manner, we were able to
tune the actin filament sliding velocity without changing the type of silane or
material, which has greatly improved the yield of successful devices. We also
demonstrated a novel method for fabricating nanodevices using the two polymer
resists CSAR62 and TU7 as they both promote motility if they are left untreated, as
well as inhibit motility if they are treated with oxygen plasma. Therefore, both
resists serve well as channel walls inhibiting motility. However, channel floors
made of motility-promoting (untreated) TU7 with motility-inhibiting (oxygen
treated) CSAR62 walls need further optimization, likely by improving residual
resist removal after EBL exposure. This may be done by further expanding the study
to include different developers or chemical cleaning procedures. Moreover, we
developed a technique for recycling molecular motor-based devices using the non-
selective protease Proteinase K and surfactant Triton X100, creating a more
sustainable fabrication process. These findings strengthen and expand the studies of
chemically confining molecular motors in nanotechnology devices by including
new materials and treatment protocols, the impact of which, is further discussed in
the final chapter of this thesis.
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4 Patterning nanostructures

The scalable fabrication of our biocomputation devices require advanced
nanofabrication techniques to provide nanometre-scale features, combined with a
high throughput of larger scale samples for system development and experimental
optimisation. This chapter describes the development of fabrication methods for
patterning the channel walls for the actin-myosin Il system by electron beam
lithography and nanoimprint lithography.

4.1 Motivation and previous work

The nanostructures used for physically confining molecular motor systems can be
patterned by multiple techniques. The actin-myosin II system requires a high spatial
resolution down to a few nanometres based on the necessary feature size (channel
widths around 200-300 nm with details requiring sub 10 nm resolution, for junction
details, see Chapter 2). Larger structures can be patterned by UVL, while the
majority of the patterns need to be patterned by EBL. NIL can also be used to enable
a higher fabrication throughput of larger devices, while still maintaining a high
resolution.

The major drawbacks of UVL and NIL for our current experimental system is the
requirement for a UVL mask for selectively exposing a photosensitive resist, and
the necessity of a NIL stamp for imprinting features. This limits the flexibility in
developing new structures within a reasonable time-frame, as new masks and
stamps need to be fabricated for each new feature. However, when a suitable device
design is defined, both these techniques can be used for large-scale fabrication in a
feasible and sustainable manner. There are different UVL methods, the more
commonly used tools use visible wavelengths providing a resolution ~50 nm* due
to diffraction limits, which makes this technique less suitable for actin-myosin
devices. There are also more advanced methods like extreme UVL, pushing the
resolution to sub 10 nm''*!''* by using very short wavelengths of light. However, for
design development, EBL is still the preferred lithography method because of the
flexibility, despite the longer exposure times required.
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The device fabrication done by our group' prior to this thesis work, was relatively
inexpensive and time-efficient due to the limited pattern size. However, the
increased dimensions associated with an upscaled complexity, require optimisations
for higher throughput fabrication (Paper I1I). We have therefore, optimised the EBL
processing parameters and developed a process for fabricating devices by NIL.

To reduce EBL exposure times, we began with switching the EBL resist from
PMMA to CSARG62, which has a higher sensitivity (allowing shorter exposure
times). Similar to PMMA, CSARG62 is a methacrylate based polymer'" but it has a
higher contrast and resolution as compared to PMMA'">!'®. For PMMA, sub-10
nm''7!"® resolution is possible, but it requires higher electron doses for a given EBL
system and developer. The exposure parameters for patterning actin-myosin II
structures in CSARG62 are presented in Paper I1I and section 4.2.

NIL has previously been used for fabricating narrow channels (100-400 nm) for
actin-myosin II devices in PMMA by Bunk et al.*>. PMMA has a glass transition
temperature around 95-106°C, and was in Bunk et al. ** imprinted at 200°C. At
temperatures above 100°C, thermal expansion can cause pattern deformations if the
substrate and stamp are not thermally matched''”. Here we use a new imprinting
resist, TU7, developed by Obducat, with a lower glass transition temperature that
can be imprinted at 75°C.

Furthermore, structures for molecular motors also require large open areas, loading
zones (see Figure 1.2), to collect the filament agents from solution and funnel them
towards the connecting channel network'?'. These loading zones are difficult to
imprint by NIL, as areas with a large width relative to the height require the
displacement of polymer across large distances*®. We extended the previous study,
to include a method of fabricating a new type of loading zone that was re-designed
to contain nanoscaled pillars to provide close by regions into which the resist could
be displaced (Paper 11). By choosing the resist layer as thin as possible, we were
able to optimise the stamp filling, allowing polymer to displace into the pillars. We
managed to obtain motility inside the loading zones, albeit, at a lower velocity as
compared to EBL patterned loading zones. Interestingly, after simulating the
filament movement (simulations done by Till Korten, analysed by me) inside the
new loading zones containing pillars, we found that the overall filament movement
can be shifted to distribute the filaments evenly across the surface or towards one
side. The developed imprinting process is described in Paper II and in section 4.3.

4.2 Process optimisation for EBL (Paper III)

Figure 4.1 shows a dose test for exposing CSAR62 at 20 kV acceleration voltage.
Previously, we were exposing PMMA950K at 20 kV with dose 250 uC/cm?* and
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developing in a 3:1 mixture of isopropanol and methyl isobutyl ketone mixture. By
switching to CSAR62, we were able to reduce the exposure dose (using the same
acceleration voltage, 20 kV) down to 60 uC/cm’? when developed in O-xylene,
which enables ~4 times shorter exposures, while maintaining a high resolution.

Figure 4.1. Scanning electron micrographs of CSAR62 exposed at 30, 40, 50 and 60 uC/cm? at 20 kV, and developed
in O-xylene. The scalebar is 1um in all images.

To further decrease the exposure times, we tried increasing the aperture size in the
electron column. This can however, cause a decrease in resolution due to a broader
electron probe. Therefore, we performed IVMA experiments to examine if this
possible decrease in resolution would affect the actin filament motility in our
channels, most importantly if we would still observe unidirectional motion. Figure
4.2 shows two fluorescence micrographs of patterns exposed with 10 and 20 um
apertures. No noticeable loss in feature details and no U-turns were observed in the
higher aperture structures, indicating we could expose our structures using a larger
aperture, here 20 um instead of 10 pm. This in turn increased our beam current from
~0.014 nA to ~0.12 nA, increasing our throughput by a factor of 8.5.

Figure 4.2. Fluorescence micrographs of patterns exposed with a 10 ym aperture and 20 pm aperture at 20 kV. The
images show the maximum intensity for a 60 s time-lapse movie of an actin-myosin IVMA experiment. The scalebar is
5 pym in both images.

A few years into this thesis work, our lab bought a new EBL system with a higher
acceleration voltage, 50 kV, that, together with a 40 um aperture, provided beam
currents of ~0.60 nA. Thus, this would enable an even higher throughput due to
faster exposure times. However, as mentioned in Chapter 2, higher acceleration
voltages will decrease the number of forward-scattered primary electrons, and
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higher electron doses will be required. Furthermore, the increased electron energy
will cause the beam to penetrate deeper into the substrate, causing more
backscattered and secondary electrons generating proximity exposures. To examine
the pattern broadening at different doses, we performed a new dose test ranging
from 175 pC/em? to 275 uC/em? in steps of 25 pC/cm’. We also switched the
developer to amyl acetate which is supposed to provide an even higher contrast
between exposed and unexposed CSAR62''. However, amyl acetate also leaves
large amounts of residue on the channel floor as compared to O-xylene''®, which is
why O-xylene was used as a developer in the double resist (CSAR62/TU7) IVMA
experiment described in section 3.3. As seen in Figure 4.3, we found that it was
possible to achieve well defined features at 250 pC/cm? with an acceptable pattern
broadening (40-50 nm).

Figure 4.3. Scanning electron micrographs of CSAR62 exposed at 175, 200, 225, 250 and 275 puC/cm? at 50 kV
developed in amyl acetate. The scalebar is 250 nm in all images.

4.3 NIL for molecular motor structures (Paper II)

Figure 4.4 shows heat maps of Monte Carlo simulations (analysis done by me,
simulations by Till Korten, TUD, see details in Paper II) estimating what effect a
structural re-design of the loading zone with pillars would have on the actin filament
behaviour. We found that the structural design and placement of the pillars can be
used to tailor the emptying rate (Figure 4.5) from the loading zone as well as
filament guidance. Designs A, B, F and G all have three sharp corners which seems
to provide a larger difference in the emptying rate between the hexagonal and square
placed pillar patterns as compared to designs D and E, which just have one sharp
corner. Furthermore, the completely symmetrical pillar shapes in designs H and I
are nearly identical, both compared to each other as well as between the hexagonal
and square patterns. According to the heatmaps in Figure 4.4, the latter two
(completely symmetrical) designs also seem to distribute the filaments more evenly
inside the loading zone. The patterns with a sharp corner pointing towards the exit
both have an overall higher emptying rate than their corresponding patterns rotated
180° (compare A vs B, D vs E and F vs G), as well as a higher emptying rate in the
square pattern repetition as compared to the hexagonal repetition. The most
noticeable effect in both Figure 4.4 and Figure 4.5 can be seen between patterns F
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and G which have three sharp corners and a concave arc in the pattern causing the
filaments to clearly shift towards one side of the loading zone. The reason for this
is likely that the filaments hitting the concave wall are constantly re-directed
according to their impinging angle®. This coincides well with the simulations and
experimental results described in section 3.4. Similar simulations to these have also
been successfully used for predicting the behaviour of the actin-myosin II and
microtubule-kinesin 1 system in nanostructures"'%.

Figure 4.4. Loading zone designs for nanoimprint lithography. We created eight different pillar patterns placed in both
a square and hexagonal pattern repetition. The heat maps show the filament distribution of 240 actin filaments (10 um
persistence length) simulated for 1500 s, the colour bar corresponds to the number of filaments visiting each pixel.
The imprinting area corresponds to the amount of open SiO; available for HMM binding. Reprinted from'?'. Copyright
(2019) IOPScience (gold open access).
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Figure 4.5. Emptying rate for the different loading zone designs shown as the number of filaments exiting as a
function of time. The emptying rate varies depending on the pattern shape as well as the pattern repetition design
(square or hexagonal). Reprinted from'2'. Copyright (2019) IOPScience (gold open access).

As mentioned, one of the difficulties for imprinting features with a large difference
between height and width, is related to displacing large amounts of polymer. By
including pillars into our design, we expected to provide regions into which polymer
could be displaced. Furthermore, we aimed to limit the amount of displaced polymer
by minimizing the resist layer thickness in order to obtain capillary flow upwards
into the cavities, without suffering from insufficient filling during imprint. In
standard NIL procedures, the resist layer is chosen thicker than the stamp
protrusions to prevent damaging the stamp and deforming the pattern. However, by
using a soft intermediate polymer stamp, IPS®, this risk is eliminated. To test this
approach, we spin-coated TU7-220 at various spin-speeds ranging from 1000-3000
rpm. To imprint our structures, we fabricated a hard stamp in SiO, on a 4" Si wafer.
A new IPS® for imprinting TU7 was made through thermal NIL for each wafer using
the hard stamp. Figure 4.6 shows the resulting TU7-220 thickness for different spin-
speeds and scanning electron micrographs of the structures. Only the thickest TU7-
220 layer used (~350 nm, still thinner than the 380 nm stamp cavities) provided
sufficient filling of the stamp protrusions.
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Figure 4.6. Spin-curve of TU7-220 and scanning electron micrographs of the imprinted structures for each resist
thickness. The structures in the thickest TU7 were imprinted without defects, while the thinner layers had an
increasing number of air-pockets present due to insufficient stamp filling. The scalebar is 10 um in all images.
Reprinted from'2!, Copyright (2019) IOPScience (gold open access).

To measure the residual layer, we made a small scratch across the samples. Figure
4.7 shows AFM scans of the residual removal of TU7 at different reactive ion
etching times in oxygen plasma. It is important that the residual TU7 layer is
completely removed as the underlying SiO, must be fully exposed to enable
silanisation and HMM binding.

Figure 4.7. Atomic force measurement scans of the residual TU7 layer in the imprinted structures. The colours in the
graphs represent different (single pixel) profile scans across the pillars. The scalebar is 2 pm in all images. Reprinted
from'2'. Copyright (2019) IOPScience (gold open access).
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Scanning electron micrographs of the resulting structures are seen in Figure 4.8
together with a series of fluorescence micrographs during an [IVMA experiment with
actin-myosin. We were able to obtain motility inside both the loading zones and the
channels, with a good spread of filaments across the entire loading zone. However,
the total number of filaments observed was very low, and we observed several
detachment events upon head-on collisions, similar to previous findings***’. The
decrease in filament number may be related to a lower surface area (see Figure 4.4)
as compared to loading zones without any pillars (which have an area of 1200 um?),
in combination with filament detachment due to an increased number of collisions
caused by the increase in wall surface.

Figure 4.8. Scanning electron micrographs of the imprinted structures and fluorescence micrographs of an IVMA
experiment with actin-myosin Il showing a wide-spread filament distribution across the surface and a sequence of
snap shots showing how an actin filament moves from the loading zones into a nanochannel. The scalebar for the
zoom-in SEM images is 1 ym and 10 pym for the larger SEM images. The scalebar for the fluorescence micrograph is
5 pm in all images. Reprinted from'?'. Copyright (2019) IOPScience (gold open access).
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4.4 Concluding remarks

We demonstrated that CSARG2 is a suitable resist for patterning molecular motor-
based devices by electron beam lithography, providing higher throughput than
PMMA-based devices in the EBL systems used for this work. Furthermore, it is
possible to fabricate both loading zones and channels in TU7 using NIL. However,
the latter fabrication process needs further optimization before it can be used as a
reliable method, both to improve motility inside the loading zones and to expand
the imprinting to include large networks of channels. A very interesting effect to
consider for future applications is the possibility of directing the motion of filaments
by placing structures in specific formations, e.g., to separate different sensing areas.
Moreover, it is important to keep studying the processing parameters of new resist
materials as they will keep expanding the current limitations of devices and what
structures are possible to fabricate. These findings strengthen and expand the studies
of physically confining molecular motors in nanotechnology devices by developing
processing methods in two new resists for high-throughput fabrication by EBL and
NIL.
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5 Computing with molecular motors

This chapter describes the progress toward computing in large-scale networks
using molecular motors. The so-called exact cover (EXCOV) problem is presented
in more detail and the conversion into the subset sum problem is described. We
present the measures taken to realise large-scale computation with molecular
motors as well as the progress towards experimentally solving a ~1000-solution
parallel computation network.

5.1 Motivation and previous work

NBC with molecular motors was first published in 2016', solving a small proof-of-
principle SSP**, which asks what sums are possible to create from a given set of
numbers (see example in Chapter 1). As described in the previous study', we use a
channel network with two different types of junctions, split and pass, to direct the
motion of our agents. The filaments are collected from the buffer in the large loading
zones which guide them into the networks (see Figure 1.2). Filaments entering a
pass junction are only allowed to travel straight, following the path from which they
came. At the split junctions, the filaments can turn either right or travel straight
down (looking at the network from above). If they go right a number is added, and
if they go straight down, no number is added. The value of the added number
matches the number of pass junctions the filament will pass until the next split
junction. Each exit at the end of the network, corresponds to a different solution in
increasing order, meaning that the farther right a filament travels (when viewing the
network from above), the higher the resulting sum of numbers added. By using these
traffic rules, the problem encoded can be solved in a massively parallel manner
within polynomial time, without knowing the solutions in advance, i.e., the numbers
and solutions will be defined by the junction positions.

During the course of this thesis, we expanded this encoding to include the exact
cover problem (EXCOV), by a theoretically converting (conversion developed by
our collaborators'??) the EXCOV problem into the SSP. The aims were to (i)
implement a larger experimental network with around 1000 solutions (compared to
tens previously)', and (ii) to demonstrate the conversion of one NP-complete
problem into another for NBC with molecular motors.
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5.2 Conversion of EXCOV into SSP

The EXCOV problem asks if an exact cover of numbers can be created of a given
set of sets. For instance, given the sets (1,3), (2,3), (2,4), (3,4), the exact cover
corresponds to a combination of sets that, together, include each number (1-4)
exactly once. In the problem Sarah encountered in the introduction, the exact cover
would be the set of trips where she visits each country exactly once and thus,
prevents a diplomatic crisis and mass extinction. To convert the number sets into an
SSP network, we first translate each set into a binary number, where each bit
represents an element in the set. In the set (1,3), position 1 and 3 will be represented
by a 1, and position 2 and 4 (absent in the set) will be represented by a 0,1i.e., 1 0 1
0. The set (2,3) will be represented by a 1 in position 2 and 3, and by a 0 in position
1 and 4, i.e.,, 0 1 1 0, see more examples in Table 5.1. Thereafter, each binary
number is translated into its decimal number, providing a new set of numbers, which
are encoded in an SSP network (see Figure 1.2).

Table 5.1. Translation of a small example of EXCOV subsets into a SSP set.

Set Binary number Conversion Decimal number
Set 1 (1,3) 1010 23421 10
Set 2 (2,3) 0110 22421 6
Set 3 (2,4) 0101 22420 5
Set 4 (3,4) 0011 21+20 3
Exact cover (1,2,3,4) 1111 25422421420 15

Using this encoding, the exact cover of the numbers (1-4) corresponds to the binary
number (1 1 1 1)=15. Thus, we know what sum an exact cover corresponds to, and
therefore, only need to look at this network exit to find out whether or not an exact
cover exists. If filaments exit at this exit, then the set of sets contains an exact cover,
which for this small instance corresponds to Set 1 and Set 3.

5.3 Introducing “reset” junctions

As described in the introduction, the channel network consists of two types of
junctions: split and pass junctions. A drawback of the binary conversion introduced
in the previous section is the case of carrying numbers. When adding binary
numbers, 1+0=1, 0+0=0 and 0+1=0, but 1+1=0, carrying 1 to the next bit, see
example in Table 5.2.
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Table 5.2. Binary addition with and without carrying numbers.

Binary addition without carry Binary addition with carry
1001001 1011001
+0110100 +0110100

17111101 10001101

If numbers are carried, a subset of sets can add up to what seemingly is an exact
cover but may include multiples of an element, e.g. the subsets (1,3)=101 0, (3)=0
010, (3,4)=001 1 do not contain an exact cover (as the number 2 is missing and
element 3 is present in multiple sets) but still sum up to the binary number (1 11 1)
due to carry. To avoid carrying of numbers, a third junction-type was introduced:
reset junctions'?, to replace split junctions where binary carry-over could occur. At
reset junctions, filaments from both junction inlets exit one collective path
downward, meaning no addition can occur (Figure 5.1).

Figure 5.1. Scanning electron micrographs and schematic illustrations of the different junction types used in the
biocomputational network. The green dashed lines mark the allowed paths and the red full lines mark illegal paths. At
pass junctions the filaments continue along the same path they came from. At split junctions the filaments can turn
right to add a number or travel straight down (nothing is added). At reset junctions the filaments can only travel
straight down and no numbers are added. The scalebar is 500 nm for all micrographs.

5.4 Reducing the network size

The position of the split rows define what numbers are encoded in the network, as
they define how far right a filament can travel before encountering the next split
junction (see example in Figure 1.2). The subsets given in Table 5.3 encodes an
EXCOV problem with a solution-space of about 1000 solutions, meaning that a
brute force approach would need to check about 1000 possible solutions. The
encoded numbers are placed in descending order inside the network. This means
that the first addition combination encountered in the sets seen in Table 5.3
corresponds to whether or not to add 244. This is followed by the option of adding
234, 228, 224 and so on for each combination, see Figure 5.2. However, we do not
need to encode all solutions. The number combinations creating sums above 255 as
well as their corresponding exits can be discarded as they all contain multiples of
the same number/bit (see Table 5.3 and dashed lines in Figure 5.2). Therefore, these
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sections of the network can be removed. Instead, the numbers that cannot be
combined to create an exact cover can be used as entrance points. In Figure 5.2
these numbers correspond to columns 0, 224, 228, 234 and 244. The remaining
network is so small, that the agents entering at 0 cannot reach exit 255, and therefore,
this entrance does not need to be part of the network. By introducing multiple inlets,
we not only reduce the network size, but we also decrease the bottle-neck effect of
feeding in filaments to a large network through just one inlet.

Table 5.3. Translation of a large example of EXCOV subsets into a SSP set.

Set Binary number Conversion Decimal number
Set 1 (7,8) 00000011 21420 3
Set 2 (6,8) 00000101 22420 5
Set3 6,7) 00000110 22421 6
Set 4 (6,7,8) 00000111 22421420 7
Set5 (5,8) 00001001 23420 9
Set 6 (4,6,8) 00010101 24422420 21
Set7 (1,2,3) 11100000 27426425 224
Set 8 (1,2,3,6) 11100100 27+26+25+22 228
Set9 (1,2,3,5,7) 11101010 27+26+25+23+21 234
Set 10 (1,2,3,4,6) 11110100 27+26+25+24+22 244
Exact cover (1,2,3,4,5,6,7) 11111111 27+28425424423422421420 255
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Figure 5.2. Top section of the network encoding the four largest decimal numbers in Table 5.3. The full lines
correspond to possible paths, while the dashed lines create sums above the EXCOV sum 255. Split junctions are
marked with a filled circle. At each split junction the filaments can either turn right to add a number or move
downwards (no number is added). The farther right a filament moves the higher the resulting sum. Exits
corresponding to sums larger than 255 can be removed as these sums contain multiple elements of the same
number. Instead, a smaller network can be created, with inlets at the marked exits, increasing the number of filaments
that can be fed into the network simultaneously and reducing the trajectory path of each filament.

5.5 Implementing the 1000 solution network

We fabricated an SSP network encoding the sets in Table 5.3, with the network
size-reductions described in the previous section. This network encodes an EXCOV
problem with ~1000 solutions, although, only one exit, the exact cover exit, is of
interest (255). The resulting design and network are seen in Figure 5.3. The network
was fabricated in CSAR62 resist by EBL and treated with the optimised silanisation
method described in Chapter 3.
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Figure 5.3. EBL pattern and scanning electron micrograph of the SSP sets described in Table 5.3 after reducing the
size of the networks by removing exits and number combinations above 257 (256-257 could also be removed but we
left these). The scalebar in the micrograph is 20 pm. N.B. the numbers were not exposed.

We performed motility tests using HMM (120 pg/ml) and Rhodamine-Phalloidin
labelled actin filaments (100 nM) at 22°C. The number of filaments exiting was
counted by hand and is seen in Figure 5.4. The pink bars represent incorrect
solutions and the green bars represent correct solutions. In principle, if filaments did
not make any wrong turns, we would only need one filament exiting at each correct
exit to find all possible solutions to the SSP. For the EXCOV problem, this means
we would only need to observe a single filament exiting at the exact cover exit.
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Figure 5.4. Histogram showing the number of filaments exiting at exits 247-255. The bars show the total number of
filaments exiting each exit in seven different data sets. The error bars show the square root of the number of actin
filaments per exit.

Unfortunately, in these first test devices, a large number of filaments exit at incorrect
solutions, which creates false positives that prevent the true positives from being
distinguishable with statistical significance. These errors arise from filaments
making wrong turns in pass junctions causing them to enter illegal paths. Nicolau et
al.! describe how the fraction of useable filaments, f{x), decreases exponentially with
the number of pass junction crossings, x, depending on the fractional error-rate, E:

fG) =1 -E)~ (M

To calculate the error-rate we counted, by hand, the number of filaments making
wrong turns in our largest data set (Figure 5.1). We observed 89 wrong turns out of
2306 counted filaments, providing an error-rate of 3.86% (fractional error-rate
0.0386). Nicolau et al.' found that, based on Eq. 1, the correct results could still be
distinguished from the background noise if = 0.15. In the network seen in Figure
5.3, the fraction of useable filaments is ~0.17 (45 pass junction crossings), indicating
that the correct results would be just about distinguishable (although not considering
the number of filaments, only the error-rate and number of pass junctions). We used
the error-rate to simulate the results (simulations done by Till Korten, TUD) of the
filament distribution (Figure 5.5¢) in a network with the same error-rate (here also
considering the number of filaments exiting). The simulation result coincides well
with the obtained experimental results (Figure 5.5b and Figure 5.4). Figure 5.5a
shows a summed stack of the maximum intensity of a 300 s time-lapse movie of the
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analysed set. The EXCOV exit has been marked with two loading zones (these are
not connected to the network).

Despite our efforts to reduce the size of the network, and thus, the number of pass
junction encounters, the error-rates still seem to be too high to be able to distinguish
the correct solutions with the total number of filaments we were able to test so far.
One reason for this difference compared what Nicolau et al.' found, is likely caused
by the reset junctions presented in section 5.3. As the reset junctions concentrate
filaments from two paths, this also means concentration of erroneous filaments
making the error-rate distribution difficult to predict. However, reset junctions are
still required to prevent errors in the calculation caused by carrying numbers. A
possible solution would be to discard filaments that try to turn right at positions with
reset junctions, although, this would mean that the overall signal would be decreased
due to a decrease in the number of filaments. Furthermore, discarding of filaments
is also problematic from an engineering perspective, as this would require yet
further junction crossings, pass junctions, which may lead to an even more complex
error-rate distribution. Therefore, an important necessity for network-based
biocomputing to progress in the future is to reduce the number of wrong turns
filaments make in the pass junctions. We have begun exploring options using 3D
junctions, however, this lays beyond the scope of this thesis.

Figure 5.5. a) Fluorescence micrograph (scalebar 15 pm) showing the maximum intensity of a 200 s time-lapse movie
at the lower right corner of the EXCOV network shown in Figure 5.3. The exact cover exit (255) has been marked
with two loading zones. b) Experimental data for the analysed set showing the number of filaments exiting at each exit
247-255. Correct solutions are marked in green and incorrect solutions are marked in pink. c) Simulated data for
error-rate 3.86%. The pink bars represent erroneous filaments that have taken illegal paths.
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5.6 Concluding remarks

By translating sets of numbers into binary numbers and then back to a single decimal
number we were able to create a theoretical conversion of the EXCOV problem into
the SSP. We introduce a new network design including a new type of junction to
avoid carrying numbers in binary addition, and describe how to optimise the size of
the network. By minimising the size of the network, we managed to reduce the
number of pass junction crossings, which contribute to a decreased fractional
number of filaments. However, despite our efforts to reduce the number of pass
junctions, the error-rates are still too high to clearly distinguish between correct and
incorrect solutions, and need further optimisations before we can solve the encoded
EXCOV problem in a statistically significant manner. Nevertheless, these
developments will enable successfully solving of larger scale problems within the
nearby future once the error-rates of the pass junctions can be reduced.
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6 Architectural elements

This chapter describes the development of two architectural elements for NBC with
molecular motors. The first section presents the progress towards developing a
method for creating a programmable gate, with the aim to enable versatile networks
where the mathematical numbers encoded can be tuned by switching between pass
and split junctions. The second section of this chapter describes the progress
towards developing an electric readout method for detection of filaments passing
certain check-points by using a CNT as a nanoscale field effect transistor.

6.1 Motivation and previous work

6.1.1 Switchable junctions for programmable gating

The numbers in the mathematical problem encoded in our current network design
(Figure 1.2 and Figure 5.3), are defined by the placement of split and pass
junctions. Different number sets have split rows located at different positions, and
at different distances relative to each other. Currently, this is hard-coded into the
network design during fabrication of the structures. By creating a programmable
gate to transform pass junctions into split junctions and vice versa, we aim to be
able to vary both the numbers within the sets, as well as the number of numbers
encoded in the same network. This is highly desirable in upscaled versions of
biocomputational devices, as it enables a broad variety of permutations for a
dynamic algorithm using a standard large-scale network, patterned by e.g., NIL.

Previous studies of physically blocking and unblocking kinesin-1 motors have been
done using the thermally activated polymer poly(N-isopropylacrylamide)
(PNIPAM) on Au patterned surfaces?’. These studies demonstrate the proof-of-
principle of creating physical roadblocks on chemically confined tracks. PNIPAM
resides in an extended form at low temperatures, blocking the motors, and curls up
at higher temperatures, unblocking the motors. If the PNIPAM density is too low,
the motors will still be able to bind and propel filaments. However, if the PNIPAM
density is too high, motility will be completely inhibited as no motors will be able
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to bind to the surface. Thus, the motor-blocking properties are determined by the

density of the polymer, which can be tuned by the PNIPAM grafting temperature'*.

We extended the previous PNIPAM study*’ by combining physical and chemical
confinement of the motor system inside SiO channels with Au floors (Paper V). To
enable a switchable gating mechanism for transforming junctions between split and
pass formation, we only patterned selective areas using a polymer linker for
PNIPAM grafting.

6.1.2 Electric sensors for label free detection

In large-scale networks, a large number of filaments need to be detected at e.g., the
network exits (Figure 1.2). For very big networks, optical readout methods are
intractable, and pose limitations regarding network size as they expand outside the
microscope field of view. An alternative method is instead to use nanoscale field
effect transistors*® (nanoFETs) for electrical detection. This would remove the need
of fluorescence microscopes altogether by enabling label-free detection and thus,
also eliminate drawbacks related to fluorophore bleaching and restrictions on the
use of auto-fluorescent materials. Furthermore, an electrical readout method
provides a better interface with electronic computers which may be of importance
for future hybrid computers.

A transistor is a three-terminal device, where the conductance between two
terminals is dependent on the voltage applied to a third terminal. A voltage, Vsp, is
applied across the electrical source and drain contacts, generating a current, Isp,
through the transistor channel. The number of available charge carriers, and hence
the current through the device, can be tuned by applying a second voltage, V. A
schematic example of a nanoFET in a liquid is illustrated in Figure 6.1.

Several different types of nanoFETs have been realised based on e.g., silicon
nanowires (SINWs) or carbon nanotubes (CNTs). SINW FETs have been used to
detect changes in the pH*®, by functionalising them with groups sensitive to
protonation and deprotonation at different pH-values, chemically gating the SINWs.
They have also been used to detect reversible protein binding*® by functionalising
the SiINWs with complementary proteins, and to detect DNA hybridisation by
functionalising the wires with target DNA'**! CNT FETs (aka CNFETs), have
also been used to detect DNA hybridisation in a similar manner, even down to a
single molecule level®. Furthermore, CNFETs have been used for bacterial lectin
detection using glycoconjugated CNTs>, and for detecting cancer biomarkers®' by
functionalisation of complementary proteins.

In this thesis, we try to use a (non-functionalised) single- walled CNFET to detect
the passing of an actin filament (a charge particle) as a function of time due to a
change in the local charge environment. To the best of our knowledge, this would
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be the first nanoFET detecting an unbound protein, and would provide a reliable
readout method for determining the number of filaments passing. To the date of the
printing of this thesis, we have not yet been able to measure the crossing of an actin
filament. So far, we have studied the buffer requirements in terms of ionic strength
for a functioning biological system and for electrical detection to be possible. We
also expect that the CNT needs to be raised up to the travelling height of the actin
filaments to ensure that the charged filaments pass close enough (within the Debye
length) to be detected. Therefore, we developed a process for fabricating pedestals
for this purpose.

Figure 6.1. Schematic illustration of a nanoscale field effect transistor inside a nanochannel. a) A current, Isp, is
passed through the transistor by applying a voltage, Vsp, across the source and drain contacts. Charge carriers can
be injected or depleted increasing or decreasing the conductivity through the transistor channel by applying a second
voltage, Vg, across the transistor and e.g., a back gate. b) As a charged particle (here an actin filament) passes in
close proximity of the transistor, the electric output signal (Isp) changes as a result of the a change in the local charge
environment.

6.2 Programmable gating (Paper V)

Figure 6.2 shows a schematic illustration of a programmable gate designed to
switch between a pass and a split junction using the polymer PNIPAM. At low
temperatures PNIPAM is extended and the junction corresponds to a pass junction.
At higher temperatures, PNIPAM curls up and the junction is intended to transform
into a split junction.

Figure 6.2. Schematic illustration of a switchable gate using a thermo-responsive polymer. At low temperatures the
junction corresponds to a pass junction as the molecular motors are blocked by the polymer. At high temperatures the
junction is transformed into a split junction as the polymer curls up, exposing the motors, enabling filament binding.
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The gating mechanism only works if the PNIPAM polymer is grafted in specific
regions, otherwise motility would be blocked and unblocked everywhere. To
selectively graft a carboxy-terminated version of PNIPAM we used the negative
tone resist poly-glycidyl methacrylate'** (PGMA) as a coupling agent'?’, which can
be patterned by EBL and developed in methyl ethyl ketone (MEK). To prevent the
filaments from encountering a large step inside the channels, we diluted PGMA in
anisole to two concentrations (1% and 6%), to try and obtain an as thin layer as
possible. On flat surfaces, both PGMA concentrations provided uniform films (~15
nm for 1% PGMA and ~146 nm for PGMA 6%), however, on the structured surfaces
we observed polymer accumulation inside the channels for the higher PGMA
concentration (Figure 6.3).

Figure 6.3. Profile graphs extracted from AFM scans on nanostructured surfaces (1 scan = 50 px wide). A scratch
was made on a flat region of the surface to measure the thickness of a) PGMA 1% (~15 nm) and b) PGMA 6% (~146
nm). Both PGMA 1% and 6% accumulated in the ¢) 500 nm wide channels, but in the d) 2 ym wide channels, only
PGMA 6% was accumulated. N.B. The thinner channels suffer from AFM artefacts making it difficult to see the
precise contours due to broadening effects of the AFM tip in high aspect ratio structures.
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Figure 6.4a shows the dose test done for PGMA to find the suitable EBL exposure
parameters. The doses tested ranged from 12 pC/cm? to 60 pC/cm? and, as can be
seen in the optical micrograph, the pattern was overexposed for all doses but the
lowest one. Furthermore, we found that a thin (7 nm) layer of PGMA always
remains on the unexposed surface (measured by ellipsometry) despite longer
development times (Figure 6.4b) and can only be removed by oxygen plasma
treatment.

Figure 6.4. a) Optical micrograph of an EBL dose test showing the dose factor in white, base dose = 12 uC/cm?. b)
Unexposed PGMA remaining on the surface after different development times in MEK.

Figure 6.5 shows the resulting PGMA (1%) pattern inside a nanochannel after EBL
exposure at 12 nC/cm?. The PGMA thickness is around 27 nm, although, the exact
thickness is difficult to measure due to possible AFM tip broadening effects.
However, as seen in Figure 6.3, the resist will accumulate more inside smaller
channels. The PGMA thickness can be reduced further (post patterning) by etching
with oxygen plasma.
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Figure 6.5. a) Profile plot of the b) atomic force micrograph showing the patterned PGMA patch inside a nanochannel.

Figure 6.6 shows how motility is first inhibited (filaments are blurry) on a PNIPAM
patch grafted on PGMA when the polymer is in its extended form (T =25°C). When
the temperature is increased (T = 35°C), the PNIPAM collapses, and motility is
promoted (filaments appear as straight lines). Figure 6.6 also shows how the
PNIPAM grafting temperature affects the motor blocking properties. When using
140°C as the grafting temperature, there are still some motile filaments visible on
the extended-PNIPAM patch, indicating that some filaments are still being
propelled. At grafting temperature, Tgrning = 143°C, no motile filaments can be
observed on the extended-PNIPAM patch, indicating successful motor-blocking.
However, at the number of filaments is lower on the contracted PNIPAM patch at
Teraing = 143°C as compared to at Tganing = 140°C, indicating that the PNIPAM
density could likely be further optimised between 140-143°C. However, these
results provide a good baseline for studying switching inside nanochannels, where
the system is likely to also be slightly different. The next step is to perform IVMA
experiments on selectively patterned nanochannels. We are currently awaiting the
first results of these experiments.
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Figure 6.6. Data demonstrating local switching of motility on PNIPAM patches grafted on patterned PGMA. The
fluorescent micrographs show the maximum projection of 85 s long movies of the local PNIPAM grafting tests. At T =
25°C the PNIPAM is in an extended form, blocking the molecular motors and inhibiting motility (filaments appear
blurry on the patch). At T = 35°C the PNIPAM collapses and exposes the molecular motors, thus, enabling motility
across the polymer patch (filaments appear as straight lines). The two columns show how the grafting temperature
affects the blocking properties of PNIPAM as the polymer density varies. At the lower grafting temperature, T=140°C,
the PNIPAM density is slightly lower and does not completely block all motors as compared to the higher grafting
temperature, T = 143°C, where no filaments move across the polymer patch. The scalebar is 20 um in all images.

6.3 FElectrical detection

An important consideration for electrical detection of charged particles, in a liquid
using CNFETs, is the distance at which a particle with a specific charge is
detectable. This depends on the sensitivity of the CNFET, the electric noise present
in the measurement and the ionic strength of the liquid.

The sensitivity of a CNFET detector can be defined as the change in charge required
to cause a detectable change in the electrical output signal (Isp), i.e., the current
flowing through the CNT. This will depend on several things, including the
electrical properties of the transistor itself and the type of electric contacts used. By
changing the gate voltage, we can tune the region we will operate in, see Figure 6.7.
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Figure 6.7. Measured source-drain current (Isp) of a single-walled CNFET as a
function of the gate voltage (V) with an applied source-drain voltage of 5 V. The
dotted line shows the log linear region with a subthreshold swing of 0.39 V/decade.
The arrows indicate the direction of the gate voltage-sweep. Reprinted with

permission from Roman Lyttleton’s doctoral thesis'?,

Here, the most sensitive region can be approximated by the log linear regime (dotted
line in Figure 6.7), where a small change in Vg causes a large change in Isp. For
our best devices (developed and fabricated by Roman Lyttleton, UNSW), the
subthreshold swing is 0.39 V/decade'?®, i.e., introducing a 390 mV voltage will
change the Isp by a factor 10. At typical currents of 0.5-1 A, our devices show an
inherent pink noise width of 5-10%'?® of the applied current (external noise was
filtered out by encapsulating the set-up in a Faraday cage). Therefore, for charged
species to be detectable, they need to cause a 10% change in Isp, i.e., by a factor 1.1.
In the log linear regime, the current is proportional to the gate voltage as:

Igp x e4V6 - Alg,, o e4AV6 )

meaning that if AVg = 0.39 V causes Alsp = 10, then A = -5.76. A 10% change
means Alsp = 1.1, which with A = -5.76 means that AVg = 0.02 V. Thereby, the
voltage step required to detect an actin filament is 20 mV. The next question is, at
what distance away from the CNT does a charged actin filament passing by exert a
20 mV potential on the CNFET?

As a measure for that we first consider the Debye length, which is defined as the
length for which the electric potential of a local surplus charge decreases by 1/e.
The Debye length is strongly dependent on the local charges present in the liquid,
here, the ionic strength of the solution, as electrolytes screen the electric potential.
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The higher the ionic strength, the more heavily the electric potential from a charged
filament will be screened by the intermediary electrolyte between the filament and
the detector. Therefore, we want to reduce the ionic strength of our protein solutions,
increasing the Debye length, which will reduce the screening effect. However, there
is a biological limit to the minimum ionic strength, dictated by the biology of the
molecular motor system.

Figure 6.8 shows a simulation of how the voltage step in the output signal changes
with the gap size between the filament and CNT by accounting for the Debye
screening in some commonly used buffer solutions, and assuming an actin filament
with a linear charge density of -4000 e/um'*!*° (simulations done by Adam
Micolich, UNSW, Manuscript in preparation). The 20 mV detection limit is marked
with a red dashed line.

Figure 6.8. Simulation showing the change in potential exterted on the CNT depending on the distance between the
passing actin filaments and the CNT for different buffer solutions. The red dashed line marks the detection limit (20
mV) of the current actin-myosin Il CNFET devices with a sensitivity of 0.39 V/decade and pink noise ~10%.
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The main contribution to the ionic strength for the actin myosin system is the
concentration of KCI'®, According to the simulations in Figure 6.8, the actin
filaments are unlikely to be detectable in the current devices, with the KCI
concentrations in the typically used a60 buffer (45 mM), but possibly in the a40
buffer (25 mM) as well as the a20 buffer (5 mM). Decreasing the [KCI1] will also
cause a decrease in actin filament gliding velocity as previously described'®'. To
this end, we performed IVMA experiments to compare the motility at two different
KCI concentrations, using the standard 45 mM KCI buffer and an extreme 0 mM
KCI buffer. Figure 6.9 highlights the threefold drop in velocity when decreasing
the [KCI] from 45 mM to 0. The fluorescence micrographs also show an increased
fragmentation of actin filaments at the lower [KCl], consistent with the idea that the
interaction strength between actin monomers is appreciably reduced at lower ionic
strengths.

Figure 6.9. a) Fluorescence micrographs at 0 mM KCl and 45 mM KCI concentration. The bottom images show one
frame. For the lower ionic strength, increased filament fragmentation is clearly visible. The top images show the sum
of 400 frames. They show a clear difference in the actin filament path length, where the higher ionic strength provides
much faster filaments. This is confirmed by point tracking 10 filaments and analysing their velocities in b) which shows
that the actin filament velocity, var, is around x3 higher at 45 mM KCI concentration as compared to at 0 mM KCI. The
central mark of the boxplot shows the median of the data set, the top edge of the box shows the 75" percentile and
the lower edge of the box shows the 25" percentile. The whiskers show the most extreme data points not considered
to be outliers, where an outlier is defined as a point greater than 1.5 times the interquartile range away from the top or
bottom of the box (none visible in the graph). Individual data points are shown in green.

HMM propels actin ~38 nm'® above the surface, making the filament almost

completely electrically screened if the CNT is placed on the channel floor. As seen
in Figure 6.8, the allowed gap between the CNT and filament can be increased by
decreasing the ionic strength, but as seen in Figure 6.9 we want to use an as high
[KCI] as possible to prevent a decrease in velocity and an increase in filament
fragmentation. To bring the CNT and filaments as close together as possible,
optimally completely removing the gap, we placed the CNTs on SiO» pedestals. To
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create the SiO, pedestals we selectively protected the pedestal area with EBL resist
and lowered the surrounding channel floor by wet-etching with hydrogen fluoride
(HF).

To examine what effect the HF-etch might have on the actin filament motility, we
performed IVMAs with nanostructures comparing the etched and non-etched
surfaces. Figure 6.10 shows the summed stacks of the maximum intensity for 60 s
of a non-etched and HF-etched nanostructured surface as well as the actin filament
sliding velocity. No detectable difference in motility could be observed in terms of
filament gliding velocity, indicating that the resulting surface supports appropriate
HMM binding. This means it is possible to create SiO, pedestals for the actin-
myosin system by this approach.

Figure 6.10. a) Fluorescence micrographs of non-etched and HF-etched SiO2 surfaces inside polymer
nanostructures. b) Actin filament sliding velocity on non-etched and HF-etched SiO- surfaces (n=10 filaments). No
difference in motility quality in terms of actin filament sliding velocity is observed. See boxplot details in Figure 6.9.
Individual data points are shown in green.

As the purpose of the pedestals is to bring the CNT and actin filament in closer
contact, a major drawback would be if the filament was simply raised and actively
transported across by HMM bound to the pedestal surface. To avoid this, we plan to
cover the pedestals with a thin non-motile layer of parylene-C (~3 nm). The
simulations in Figure 6.8 take this additional passivating layer into account. We
performed IVMA experiments on parylene-C surfaces (supplied by Jan Gluschke,
UNSW) treated with oxygen plasma and found that it is possible to completely
supress motility on these surfaces, similar to the polymer walls (see Figure 3.5).

Finally, a basic, but key requirement for electrically detecting the actin filaments, is
to be able to perform simultaneous optical and electric measurements and to corelate
these two signals. To be able to bond the samples and connect them to our electronic
instrumentation and to prevent the fragile cover slips from breaking due to the extra
weight of the additional electronics, we created a set of 3D-printed sample holders
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to support the samples in the correct positions and enable easy handling. The most
successful holder is demonstrated in Figure 6.11.

Figure 6.11. Pictures of the 3D-printed sample holders supporting the flow cell and sample to avoid that the flow cells
break. The first image shows the base holder and the second images shows the top holder with the sample glued
between two packages. The inset shows the bond wires electrically connecting the sample and package. The third
image shows the top view of both holders together, and displays how the cover slip is supported by the base holder.
The electric pins connected to the package protrude out through holes in the top sample holder. The fourth image
shows both holders from the bottom view.

6.4 Concluding remarks

By using a polymer linker, PGMA, to graft selective areas with the thermo-
responsive polymer PNIPAM, we successfully show local on/off switching of
microtubule-kinesin 1 motility. We describe the development of the PGMA
processing parameters on both flat surfaces, larger patches and inside nanoscale
channels. These findings provide a stepping stone towards developing dynamic
encodings for NBC with molecular motors.

To electrically detect actin filaments passing specific check-points we have begun
the development of a nanoFET based on a single-walled CNT. We describe how
actin filaments need to pass in close proximity of the CNTs to be detectable, and
how this distance varies with the local charge environment. To reduce the distance
between the filament and the CNT, we have developed a method of raising the CNTs
onto SiO; pedestals that supress motility. Furthermore, to support the cover slips
and samples from the additional weight of the electronics we created easy-to-handle
3D-printed holders. Though not yet successful in measuring an actin filament
passing, these results provide major steps towards an electrical readout method,
although further device optimisation is most likely necessary to increase the
sensitivity of the devices to enable a detectable change in the electric output.
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7 Conclusions and outlook

This thesis focuses on the processing and fabrication development of devices for
NBC with molecular motors.

In the first section of the thesis we describe three techniques that strengthen and
expand the study of chemically confining molecular motors. We describe a method
to improve the modification of the surface chemistry for selective protein binding
by using a dedicated CVD system, where the content of TMCS, and silanisation
duration can be varied. This enables a reliable surface treatment providing a high
yield of motile samples, and provides an opportunity to study surface interactions
of proteins on different surfaces with different hydrophobicity, without changing
the chemical compound.

During the investigation of two new lithography resists we discovered that it is also
possible to fabricate nanostructures without the necessity of silanisation altogether.
Instead, we use the intrinsic, motility promoting properties of the negative tone NIL
resist TU7, and the possibility to supress motility on the EBL resist CSAR62 by
oxidation with oxygen plasma. The filament velocity and the number of filaments
across the surface is still low, but could potentially be improved by reducing the
surface roughness and EBL resist-residues by using a different developer or by other
chemical cleaning without loss of function.

Furthermore, we developed a method for chemically cleaning our devices from salt
residue and motors, to be able to re-use our devices without the necessity of
additional processing modifications. By recycling devices, we are able to decrease
the overall time and material consumption, providing a more sustainable fabrication
process.

As with many other parallel computation techniques, solving combinatorial
problems with molecular motors is limited by various practical limitations, i.e., there
are certain engineering aspects that require improvement before being able to create
a viable contender that can outperform an electronic computer. One basic aspect is
being able to upscale the fabrication of the physically confining structures without
loss of resolution. In the second section of the thesis we present two methods for
improving the throughput of molecular motor-based devices.

We switched to a more sensitive resist, CSAR62, as compared to the previously
used PMMA, and describe the optimisation of the EBL pattering parameters. We
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also developed a new method for patterning the large aspect ratio loading zone
structures by NIL in TU7.

By redesigning the loading zones to include pillar-structures we could create areas
into which polymer could be displaced during imprint. We also found that these
newly introduced pillars can be used to tailor the directionality of the overall
filament movement, a very useful feature within e.g., sensing applications. Figure
7.1 shows a possible design for a sensor exploiting this directionality. The loading
zone pillars here, correspond to design F in Figure 4.4, and will push the filaments
from the large central circle towards each sensing area. An alternative design would
be to use structures that cause a variety of emptying rates. These structures could
for instance, be fabricated by a combination of UVL and NIL.

Figure 7.1. Possible biosensor design utilising the directional properties of the pillar-shapes and configuration
described in design F, Figure 4.4. The filaments in solution would diffuse down into the large open central (pink) area
and be pushed toward each sensor due to the shape and position of the (white) pillars.

Within this thesis we also present an algorithm for translating the NP-complete
problem EXCOV into another NP-complete problem, the SSP. We describe a
method of reducing the network size to reduce the number of filaments required,
and we describe how challenges related to carrying numbers in binary addition can
be avoided. We try to solve a large-scale network with ~1000 solutions, but the
current error-rates i.e., wrong turns within the network, are too high to find a
statistically significant solution.

To reduce the error-rates and thus, the number of filaments required, we are
currently developing a new type of junction with three dimensional crossings,
fabricated by two photon polymerisation technology. In such a structure, filaments
will move across “bridges” and through “tunnels” (Figure 7.2). If successful, this
would enable complete elimination of the risk of filaments taking a wrong turn at
pass junction crossings. However, these types of junctions are not compatible with
the switchable junctions described in Chapter 6.
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Figure 7.2. Schematic illustrations of a 3D-junction that eliminates the risk of filaments making wrong turns at pass
junctions. By creating bridges and tunnels, there is only one possible pathway for the filaments.

Another draw-back with the current network design is the relatively slow input of
exploring agents. Despite describing a method of increasing the number of locations
at which filaments are fed in, they are still all inserted at the top of the network
through a limited number of entrance points. For very large networks, this will cause
a major bottle-neck due to the vast number of filaments required to solve large
networks. To remove this bottle-neck, we are currently working on a method to split
and grow our filamentous agents while in the network. However, if any information
is stored on the filament itself, a split and regrowth process will continuously cause
this information to dilute.

Storing data on filaments is important in problems that require information about
what paths have been explored, e.g., in the travelling salesman problem Sarah
encountered in the introduction. In principle, all NP-complete problems can be
translated into each other, and the network encoding presented in this thesis might
not always be the most optimum design for all problems. At the moment, we are
working on a second, compact network design for solving the Boolean Satisfiability
problem, which we translate into the travelling salesman problem. The current
design (not shown here) will however, only work if the filaments can be tagged with
information on where they have been. Any methods for splitting and re-growing
filaments must therefore, also include the transfer of this information. However, we
are currently unable to store and manipulate information on our filaments.
Nevertheless, in the future, barcoding by bleaching fluorophores or tagging by e.g.,
attaching DNA oligonucleotides might be feasible options.

In the final section of this thesis we described the development of two architectural
elements for NBC with molecular motors, a programmable gating mechanism and
an electric sensor.

We describe a new method of selectively grafting the thermo-responsive polymer
PNIPAM on nanostructures, allowing local switching of motility by creating
physical roadblocks, veiling and unveiling the surface-bound molecular motors. By
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introducing switchable paths, we can create dynamic encodings that allow different
numbers and a different number of numbers to be encoded within the same
algorithm. This allows the fabrication of very versatile devices that can be patterned
with a standard, predefined, large-scale network structure e.g., using high
throughput NIL. In combination with our regeneration process, these advancements
are steps towards real-life applications of NBC with molecular motors due to the
reduced fabrication costs and upscaling properties.

There are also other methods one could envisage to tune the motility. One possible
method would be to not physically block the motors but instead switch the motor
function itself. Another method could be to include a tuneable surface chemistry to
selectively collapse the motors, e.g., by changing the surface hydrophobicity, or to
change the binding affinity. A precondition for any future method is however, that
it must be reversible to ensure maximum flexibility.

The NBC method presented in this thesis relies on an optical readout and counting
filaments by hand. In collaboration with a group of students, our research group is
currently developing a deep learning algorithm for analysis of filaments in our
IVMA experiments, regarding the number of exiting events, the number of wrong
turns, the relationship between certain filament behaviour and specific filament
dimensions or device structures. This would simplify the data analysis during
development, and provide the possibility to map a wide range of variables providing
massive information on how our system can be optimised further. Naturally, only
visible information can be analysed, restricting the amount of area that can be
studied simultaneously as we are limited by the microscope field of view. For
counting the filament exit events, we would instead like to employ an electrical
readout method using a single-walled CNT as a nanoFET as this removes the
restraints of using a microscope all together.

Though we are yet to integrate these nanoFETs and detect filaments exiting, we
describe how close by filaments need to pass in order to be detectable. We also
describe methods of how the filaments can be brought within this range, by raising
the CNT onto pedestals, and by decreasing the ionic strength to decrease the
screening of the electric potential. Furthermore, we show a way to perform optical
and electrical measurements simultaneously without breaking the samples due to
the additional weight of the electronics.

These improvements, together with other, new and promising ideas, have the
potential to boost the field of NBC using not only molecular motors as agents, but
also other agents, such as bacteria, artificial motors or perhaps some other self-
propelling, highly energy-efficient agent. I do believe, that solving combinatorial
problems beyond what has been possible so far, is actually within reach in the
nearby future.
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ABSTRACT: Molecular motor-based nanodevices require organized cytoskeletal

filament guiding along motility-promoting tracks, confined by motility-inhibiting

walls. One way to enhance motility quality on the tracks, particularly in terms of

filament velocity but also the fraction of motile filaments, is to optimize the surface

hydrophobicity. We have investigated the potential to achieve this for the actin-

myosin Il motor system on trimethylchlorosilane (TMCS)-derivatized SiO, surfaces

to be used as channel floors in nanodevices. We have also investigated the ability to

supress motility on two new polymer resists, TU7 (for nanoimprint lithography) and

CSAR 62 (for electron beam and deep UV lithography), to be used as channel walls.

We developed a chemical-vapor deposition tool for silanizing SiO, surfaces in a

controlled environment to achieve different surface hydrophobicities (measured by water contact angle). In contrast to previous
work, we were able to fabricate a wide range of contact angles by varying the silanization time and chamber pressure using only
one type of silane. This resulted in a significant improvement of the silanization procedure, producing a predictable contact
angle on the surface and thereby predictable quality of the heavy meromyosin (HMM)-driven actin motility with regard to
velocity. We observed a high degree of correlation between the filament sliding velocity and contact angle in the range 10—86°,
expanding the previously studied range. We found that the sliding velocity on TU7 surfaces was superior to that on CSAR 62
surfaces despite similar contact angles. In addition, we were able to suppress the motility on both TU7 and CSAR 62 by plasma
oxygen treatment before silanization. These results are discussed in relation to previously proposed surface adsorption
mechanisms of HMM and their relationship to the water contact angle. Additionally, the results are considered for the
development of actin-myosin based nanodevices with superior performance with respect to actin-myosin functionality.

1. INTRODUCTION

Molecular motor proteins are responsible for active transport
and directed movement in eukaryotic cells. In the in vitro
motility assay,'"* isolated motor-proteins are adsorbed on
appropriate surfaces where they propel their corresponding
cytoskeletal filament.>® In addition to giving great insight into
the biophysical and physiological properties of molecular
motor systems,” = this assay has enabled a variety of
nanotechnology applications such as biocomputation® and
biosensing.s’”_ * In these instances, key advantages are self-
propulsion without the need for bulky accessory equipment
such as pumps and, not the least, high energy efficiency™®
(energy used per calculation or separation operation)
compared to competing techniques, e.g., micro- and nano-
fluidics.

One molecular motor system used in nanotechnology
applications is the actin-myosin II motor system of
muscle.'®™"® In these applications, filamentous actin is
generally propelled by surface-adsorbed proteolytic myosin II
motor fragments, primarily heavy meromyosin14 (HMM). The
mechanism underlying the adsorption of HMM on a surface is
complex and degends on several factors including the surface
hydrophobicity and the surface charge”” The surface
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hydrophobicity can be altered by surface functionalization with
different silanes.”>™>° On the basis of previous results,
trimethylchlorosilane (TMCS)-derivatized surfaces have been
found to promote high-quality actin- myosm motility superior
to that on other surface chemistries.””

Use of molecular motors in nanotechnological applications
requires organized guiding of transported filaments (filament
motility) along tracks,?® e.g., to concentrate analyte molecules
in localized detector areas'* or for computational network
exploration.” Such guiding can be achieved by selective
immobilization of functional motors only on the tracks and
not in the surrounding areas. The selectivity can be achieved
by different surface chemistries” >’ on the tracks and the
surroundings. However, physical“’g’of34 patterning of tracks,
e.g, the use of physical walls, also supports effective guiding.
Optimally, a combination of the two approaches should be
used,””** with channel floors supporting motility, surrounded
by nonmotile, confining channel walls. To obtain unidirec-
tional movement of actin filaments without U-turns, the
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Figure 1. 3D render and schematic illustration of silanization method 1 and method 2. In method 1 the silanization is done inside a glass jar using a
fully saturated TMCS system. In method 2 the silanization chamber is pumped down to vacuum pressure, whereupon TMCS is flown in. The influx
of TMCS can be controlled by the valves, enabling silanization at different chamber pressures.

channel tracks must be narrow'' (<300 nm). These narrow
tracks can be fabricated in polymer resists using nanoimprint
Iithography36 or electron-beam Iithography,30 to surround, e.g.,
TMCS-derivatized SiO, floors'" with polymer resist walls.

Hitherto, TMCS silanization has been performed without
control of the TMCS pressure,s‘y’” and no studies have been
done to measure the motility quality regarding filament
velocity on different surface hydrophobicities obtained using
one given silane type. We hypothesize that the surface
hydrophobicity can be controlled by controlling the chamber
pressure during silanization, giving a detailed insight into how
different degrees of TMCS-based silanization affects the actin-
myosin function.

Furthermore, previous actin-myosin motility studies have
been performed using five different positive-tone re-
sists' > for electron-beam lithography and two negative-
tone resists'' for nanoimprint lithography. However, the latest
results for new resists were published over a decade ago,'" and
new lithography materials are constantly being developed and
need to be studied because they hold several advantages with
respect to contrast, resolution, chemical safety, and tailoring of
suitable motor-based nanodevices for each application. New
polymer resists with interesting properties in these respects are
CSAR 62, a high-resolution positive-tone resist for electron-
beam lithography and deep-UV lithography, and TU7, which is
a negative-tone resist with a low molding temperature
especially designed for nanoimprint lithography.

In this Article, we investigate the combination of these new
materials and processes to achieve controlled surface
functionalizations for improved actin-myosin based nano-
devices. Specifically, we investigate the motility quality
(particularly sliding velocity but also fraction of motile
filaments) on SiO, surfaces derivatized by TMCS, using a
controlled CVD process with the capability to regulate the
chamber pressure. Furthermore, we examine the potential of
using CSAR 62 and TU7 as channel walls in nanodevices.

We found that the myosin-driven actin motility was not
inhibited by the presence of the CSAR 62 and TU?7 resists but
that it could be suppressed on both resist surfaces by oxygen
plasma treatment. This is an essential property of materials to
be useful in the production of walls and surrounding areas in
nanodevices. We were also able to obtain surfaces with
predictable hydrophobicity and equally predictable actin
filament sliding velocity by using controlled chemical-vapor
deposition to obtain different water contact angles. These
results confirm our hypothesis concerning effective control of
filament velocity and, thus, motility quality by controlling the
degree of silanization by TMCS. The results also support and
expand previous ideas about the basis for the relationship
between surface contact angle and HMM-propelled actin-
filament motility.'*** Together, the findings provide a strong
foundation for the improvement of actin-myosin based
nanodevices produced by either electron-beam or nanoimprint
lithography.

2. EXPERIMENTAL SECTION

2.1. Chip Preparation. All chips were fabricated using 10 X 10
mm? Si(100) substrates. The substrates were ashed in oxygen plasma
at 5 mbar for 60 s and cleaned in acetone and isopropanol for 3 min
each in an ultrasonic bath at room temperature followed by drying
under nitrogen flow. CSAR 62 (Allresist GmbH, Strausberg,
Germany) was spin-coated at 3000 rpm and baked on a hotplate at
160 °C for 120 s. TU7 (Obducat AB, Lund, Sweden) was spin-coated
at 1500 rpm and baked on a hotplate at 95 °C for 60 s. All chips
underwent the same chemical treatment as they would have
undergone if patterned by the respective lithography technique. The
CSAR 62 chips were immersed in the developer o-xylene for 5 min
and dried under nitrogen flow. The TU7 chips were imprinted with
an unpatterned, soft intermediate polymer stamp (IPS) at 75 °C with
a pressure of 20 bar while being exposed to 4 X 5 s UV-light pulses
every 10 s. The pressure was maintained for 2 min and then decreased
to ambient conditions while cooling. Prior to silanization, half the
batch of polymer chips was ashed in oxygen plasma for 15 s at 5 mbar
and the other half was not.
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The SiO, chips used for examining the contact angle variation at
different TMCS chamber pressures were also fabricated using 10 X 10
mm? Si(100) substrates. A 70 nm thick SiO, layer was first deposited
by atomic layer deposition. Prior to silanization, all these chips were
ashed in oxygen plasma for 15 s at 5 mbar.

A patterned 250 nm thick CSAR 62 surface on 70 nm SiO, with
200 nm wide channels was also prepared using the same parameters as
specified above but here including an electron-beam lithography
exposure (dose 60 #C/cm? beam current 0.1 nA).

2.2. Silanization Method 1. The polymer chips and SiO,
reference were silanized using the previous, less-controlled silanization
method (here delineated as method 1) in a glass jar in a glovebox
(Figure 1). A few drops of trimethylchlorosilane (Sigma-Aldrich,
Missouri, U.S.A.) were added using a needle and syringe to a beaker
inside the glass jar, which was then shut and kept closed until the
treatment was terminated. The silanization was performed for two
different times: 10 and 30 min.

2.3. Silanization Method 2. To examine the filament velocity
variation on SiO, surfaces with different surface hydrophobicities,
a controlled chemical-vapor deposition (CVD) system was developed,
in the following referred to as silanization method 2 (Figure 1). All
gas lines, valves, and the deposition chamber were built in stainless
steel (SS). An oil-free scroll pump was connected to a valve and a
pressure gauge and then to the chamber using couplings with viton
gaskets. The deposition chamber lid was sealed by a viton O-ring.
Between the chamber and the N, and TMCS gas lines we placed a SS
needle valve with Swagelok fittings. The N, gas line and the TMCS
stainless steel bubbler (SAFC Hightech, Bromborough, U.K.) were
separated by manual SS on/off valves.

The chips to be silanized were placed inside the deposition
chamber, which was then pumped down to a chamber pressure of
10~* mbar. Prior to TMCS deposition, the chamber was purged in
one cycle with N, gas. To silanize, we opened the TMCS bubbler and
then the TMCS valve separating the gas source and the chamber. The
needle valve was kept fully open during the entire silanization process.
The TMCS bubbler was closed when the desired chamber pressure
was reached to maintain a stable pressure for the duration of
silanization. Both the silanization time and pressure were varied to
obtain a series of samples with different water contact angles (see
Supporting Information for more details). After silanization, the
chamber and gas lines up to the bubbler and N, valves were pumped
down again to 107> mbar and purged with N, gas in 3 cycles.

2.4. Contact Angle Measurements. To determine the hydro-
phobicity of the surface after various treatments, we performed static
contact angle measurements at 22 °C using a Theta Lite Tensiometer.
A sessile drop of ultrapure (type 1) water was dropped onto the
surface using a manual one-touch dispenser. The droplet was imaged
using a FireWire camera with telecentric optics and monochromatic
LED-based background lighting. We used the OneAttension software
(Biolin Scientific, Vistra Frolunda, Sweden) to perform computer
analysis of the drop profile and extract the contact angle data from the
Young equation.

2.5. Atomic Force Microscopy Measurements. The surface
roughness and texture of both TU7 (after imprinting) and CSAR 62
were examined using an atomic force microscope (Dimension 3100,
Veeco Digital Instruments, Inc., Plainview, N.Y.). The scans were
obtained in contact mode using a Pointprobe silicon-SPM-Sensor
with rotated tip (180°) with an Al coating on the detector side. The
surfaces were scanned before silanization. Each scan was done on a §
X § um? area (256 X 256 pixels) and analyzed in Gwyddion (GNU
GPL developed by the Czech Metrology Institute). The surface
topography was analyzed from line scans in the raw data before
smoothening in terms of the root-mean-square (RMS) on four
different chips, with 10 lines per chip.

2.6. Protein Preparations. Muscles were obtained from New
Zealand White rabbits (KB Lidkopings Kaninfarm, Lidkdping,
Sweden). The animals were sacrificed following the standard
procedure approved by the Ethical Committee for Animal Experi-
ments, Linkoping, Sweden (reference no. 73-14), and performed in
accordance with National and European legislation. White hind leg

8779

muscles were used for extraction of myosin II from fast skeletal
muscles and back muscles for extraction of actin.

Immediately upon dissection, the muscles were rinsed in ice-cold
0.15 M NaCl and myosin was then isolated essentially as described by
Kron et al.* and Sata et al*® Heavy meromyosin (HMM) was
obtained by chymotryptic cleavage of myosin II using the method
described by Okamoto and Sekine.”” Actin acetone powder was
prepared and subsequent isolation of actin was performed as
described by Pardee and Spudich.*” The final concentration of
proteins was determined using a spectrophotometer, and the purity
was assessed by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). Actin filaments were labeled with rhodamine-
phalloidin (Technologies, U.S.A; Cat. no. R41S) essentially as
described by Kron et al.* and Balaz and Mansson."!

2.7. Motility Assay and Data Collection. We performed in vitro
motility assays” using flow cells built out of a microscope coverslip
(no. 0, Menzel-Gliser, Braunschweig, Germany) and an appropriately
functionalized silicon chip separated with a spacer of a 60 ym thick
double-sided tape (3M, Saint Paul, MN). The chips were mounted
upside down, on top of the spacer, so that the functionalized surface
formed the top surface of the flow cell.

The flow cell was incubated with HMM and rhodamine-phalloidin
labeled actin filaments according to a protocol modified from that
described previously.* The following incubation steps were used: 120
pg/mL HMM (2—S min), 1 mg/mL BSA (2 min), and 5—10 nM
rhodamine-phalloidin labeled actin filaments (2 min). The ionic
strength was either 60 (a60) or 130 mM, where the solution of the
latter ionic strength contained 0.64% methyl cellulose (aMC130).
The ionic strength was regulated by varying the KCI concentrations.
We did not use blocking actin or affinity purification to block or
remove ATP-insensitive HMM heads* (“dead heads”). The MgATP
concentration used was 1 mM in all assay solutions.

The motility assay was imaged using a Nikon TE300 inverted
microscope with mercury-lamp illumination, Nikon 100 X 1.4 NA oil
immersion objective, TRITC filter set (excitation, $32—554 nmj;
emission, 570—613 nm; dichroic cut-on, 562 nm), and a Hamamatsu
EMCCD camera. The recordings were analyzed using a custom-
developed MATLAB (MathWorks, Natick, MA)" program to
examine the actin filament sliding velocity. The boxplots shown in
Figures 2 and 4 are generated using MATLABs boxplot function,

Figure 2. Measured actin filament velocities on TU7, CSAR 62, and
TMCS-derivatized SiO, silanization using method 1. No motility was
observed on plasma oxygen-treated TU7 and CSAR 62. The TU7 and
CSAR 62 surfaces in the graph have not been plasma-ashed, and both
promote actin filament motility. The highest velocity was observed on
TU?7. The motility experiments were performed at 19.2 + 0.4 °C on 2
chips per polymer, and 20 filaments per chip were analyzed.

where the central mark shows the median, the top edge of the box
shows the 75th percentile, and the lower edge of the box shows the
25th percentile. The whiskers show the most extreme data points not
considered to be outliers (outliers (+) are marked in red). An outlier
is defined as a point greater than 1.5 times the interquartile range
away from the top or bottom of the box. The number of filaments and
filament lengths in each recording were analyzed using in-house
developed Image]*** plug-ins.
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3. RESULTS AND DISCUSSION

3.1. Motility on TU7 and CSAR 62 Resist. In the
manufacturing of nanodevices utilizing the actin-myosin
motility, the floors of the motility nanochannels are first
opened up by electron-beam Iith0$raphy or nanoimprint
lithography of the covering resist.”'> This is followed by
plasma ashing of the entire surface to remove resist remnants
in the channels before silanization and to modify the surface
chemistry of the surrounding resist areas. To mimic and
evaluate this procedure, we measured contact angles on the
two resists before and after silanization for both plasma-ashed
(PA) and nonplasma-ashed (NPA) chips as well as on plasma-
ashed SiO, reference chips (Table 1).

Table 1. Measured Contact Angles of Plasma-Ashed (PA)
and Nonplasma-Ashed (NPA) TU7, CSAR 62, and SiO,
Surfaces after TMCS Silanization Using Method 1 for
Different Time Durations”

TMCS TU7 CSAR 62  CSAR 62
(min) TU7PA  NPA PA NPA Si0, PA
0 24+1° 65+1° 33x+1° 71+ 1° <5t
10 26+1°  63+1°  35+0° 71+1° 67 +1°
30 254+2°  63x1° 33x1° 69 +0° 69 +2°

“The values are given as the average of contact angles + standard
deviations measured on two different surfaces. “The water contact
angle was below the measurement limit, ~5°.

The results show that the contact angle of the resists was
unaffected by silanization. The contact angles for the
nonplasma-ashed chips with polymer resists were similar to
those previously found to be optimal for HMM adsorption in
functional form using a range of surface derivations.”"***** In
this mode of HMM adsorption, the C-terminal tail segment of
HMM is believed to partially unfold,* associated with
entropically driven aclsorption19 on moderately hydrophobic
areas (e.g, those derivatized with TMCS). The actin filament
sliding velocities for the nonplasma-ashed TU7 and CSAR 62
chips are shown in Figure 2. The results from the 10 and 30
min silanization have been merged into one boxplot as no
difference was observed regarding the actin filament sliding
velocity or contact angle, which coincides well with previous
reports>* for silanization in what was believed to be a fully
TMCS-saturated system. The sliding velocity on TU7 was
higher than that on CSAR 62 despite the contact an§1e on the
latter resist being very close to that found previously”"** to be
optimal for motility. The observation of motility on both TU7
and CSAR 62 demonstrates that neither of the resists is toxic
to the proteins.

We investigated if different surface roughnesses may be the
basis for different motility qualities on TU7 and CSAR 62.
Thus, Sundberg et al.>* proposed that a rougher surface may
cause a decrease in the sliding velocity due to friction or a
nonuniform HMM surface density. Furthermore, van Zalinge
et al*’ suggested that chemical interactions of the force-
producing HMM motor domains with protruding parts of the
surface may cause a decrease in sliding velocity with increased
surface roughness. However, Albet-Torres et al** did not
detect clear differences in motility quality between surfaces
with different roughnesses. The surface roughnesses on TU7
and CSAR 62 were investigated by atomic force microscopy
(AFM) imaging. Figure 3 shows two representative AFM scans
of TU7 (A) and CSAR 62 (B) surfaces. The measured RMS
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Figure 3. AFM scans of (A) TU7 and (B) CSAR 62 surfaces after
smoothing the data. The root-mean-square (RMS) surface roughness
(determined from raw data before smoothing) on CSAR 62 (0.41 +
0.02 nm) was similar to that measured on TU7 (0.47 + 0.05 nm).
The scale bar is 1 gm in both images.

surface roughness on TU7 was 0.47 + 0.05 nm (mean of 10
measurements on 4 different surfaces + standard deviation)
and that on CSAR 62 was 0.41 + 0.02 nm, i.e., the same within
the uncertainty of the measurement. In these experiments, the
CSAR 62 surface exhibited a lower HMM-propelled
actin filament sliding velocity than TU7, despite having a
higher contact angle than the latter surface. The similarity in
surface roughness between TU7 and CSAR 62 suggests that
the difference in velocity between these two surfaces is not due
to differences in surface roughness; other factors are likely to
be important.”"** Finally, the velocities were similar on
TMCS-derivatized SiO, and nonplasma-ashed TU7 despite
lower contact angle on the latter surface. The results could fit
with the idea that an appreciably smoother surface like
TMCS™ promotes a higher sliding velocity. On the other
hand, the differences in velocity between TU7 and CSAR 62
and the similarities between TMCS and TU7 support the view
that also other factors than the contact angle and surface
roughness are important.l“'ll’zz’47 More detailed studies in the
future as previously performed for other polymer materials®**
would be of value, e.g., analyzing the difference in water uptake
and polymer mechanical properties at the macromolecular
chain level. In this connection it is of interest”' to investigate if
there are differences in total HMM density as well as in the
fraction of active HMM molecules on the different polymers.
Whereas a detailed investigation of these issues is outside the
scope of the present study, we obtained evidence against
different densities of actin propelling HMM molecules on TU7
and CSAR 62 by studying the sliding velocity of actin filaments
as a function of filament length (see Supporting Information,
Figure S1). This relationship is known to reflect the number of
myosin heads that are available for binding and propulsion of
the actin filament,* ™' i.e., not including those heads that are
prevented from taking part in such interactions. We found no
length dependence of the velocity on either of the surfaces,
consistent with the idea that the lower velocity on CSAR 62 is
not attributed to a lower density of active HMM molecules.

Large decreases (~40°) in the contact angle were observed
on both TU7 and CSAR 62 after plasma ashing (Table 1), and
we were able to fully supress the motility on both resists if they
were treated with oxygen plasma prior to silanization. This is
expected because the oxygen plasma oxidizes the resist surface
and makes it more hydrophilic’> by introducing primarily
hydroxyl groups. Furthermore, previous reports®”>* have also
shown that oxygen plasma treatment may induce modifications
in the polymer surface that render it positively or negatively
charged, although no surface charge measurements were
performed on these surfaces. This issue is further discussed
later.
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Figure 4. Actin filament velocities on TMCS-derivatized SiO, surfaces using a60 (A) and aMC130 (B) assay solution. The actin filament sliding
velocity increases with an increasing water contact angle in both assay solutions. No motility was observed at the lower angles in a60 solution
(indicated by arrows). At the highest contact angle tested, the motility quality showed greater variability. The motility experiments were performed
at 25.3 + 0.6 °C (A) and 24.8 + 0.9 °C (B), and 10 filaments were analyzed per contact angle.

3.2. Actin Filament Velocities at Different Surface
Energies. As illustrated in Figure 4, the actin filament sliding
velocity increased with increasing contact angle (up to a factor
of 3) and thereby with the de§ree of silanization. This is
consistent with previous findings * that the velocity increases
with the contact angle up to 75° on surfaces silanized using
different silanes. The present results extend the previous
findings in several respects. First, the entire range of contact
angles in the present study were produced using just one
silane, namely, TMCS, by varying the chamber pressure and
the silanization time. In the previous study, several silanes were
used to obtain a range of contact angles. Second, in previous
work,”” the correlation between the contact angle and the
velocity was only studied in an aMC130 solution and up to a
contact angle of ~75°. Here, we also used a60 solution and
succeeded to consistently extend the range of contact angles up
to 86°. The differences between the assay solutions is that
filaments are usually longer, on average, in aMC130 solution
due to higher ionic strength (130 mM) and the filaments are
held down to the surface by the presence of methylcellulose
(MC). The latter effect allows maintained motility, albeit at
reduced velocity,* also if very few myosin motor domains are
available to bind actin. Importantly, however, the presence of
methylcellulose does not affect the maximum myosin-propelled
filament velocity for long filaments as previously tested at an
jonic strength of ~60 mM.* The fact that MC prevents
diffusion of actin filaments away from the surface even if they
are not tethered by myosin motors can explain why motility
was observed on surfaces with very low contact angles (10°
and 28°) in aMC130 solution but not in a60 solution. At such
low contact angles on negative surfaces like SiO,, a large
fraction of the HMM molecules are believed to adsorb on the
surface via their motor domains,'#*"°>¢ reducing the number
of motor domains available for actin interaction. Overall, our
results show an increased velocity with an increasing contact
angle in the range 10°—86°. This is consistent with the
idea'#® that the fraction of the HMM molecules that are
adsorbed in an actin-propelling configuration, via their tail
domain, increases with the surface contact angle at the expense
of head-based adsorption.

In this context it is of interest to note that the idea of
electrostatic surface adsorption of the myosin heads on
negatively charged surfaces””**™7 has received unexpected
support from very recent studies of severe cardiac diseases
(hypertrophic cardiomyopathy; HCM) due to myosin
mutations.”® Thus, it is now clear that, in addition to the
positively charged actin-binding loops, the myosin motor
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domains contain an additional region, the “myosin mesa”, with
numerous conserved positively charged amino acids that are
hot spots for HCM-causing mutations. The myosin mesa is
believed to be critical for formation of the so-called super-
relaxed state of myosin.”” This is a physiologically important
myosin state to effectively relax a muscle cell. In this state, the
positively charged myosin mesa region binds to the partner
myosin head of a given molecule as well as to negatively
charged regions on the thick (myosin) filament backbone,
effectively sequestering the heads on a surface away from the
actin filaments. Interestingly, the ATP-turnover kinetics of the
super-relaxed state shows strong resemblances™ to that
detected for myosin heads bound to negatively charged SiO,
surfaces.” The finding provides strong evidence that electro-
static interactions due to positive charges on myosin are of
great physiological relevance, causing quite strong binding also
at physiological ionic strengths (higher than those used here).
This finding, together with the similarity in ATP-turnover
kinetics, strongly supports our previously proposed
ideas™****™>7 about the basis for poor actin-myosin motility
on negatively charged surfaces. If these hypotheses are correct,
one would expect that the mentioned myosin mutations that
reduce the positive charge density in the myosin mesa region
would reduce the contact angle dependence (related to surface
charge®®) of actin-myosin motility. This is of interest to test in
future studies using silanized surfaces of the types manufac-
tured here. Detailed studies of this type may actually give new
mechanistic insights into the effects of severe disease-causing
mutations.

In previous work,"“?* increased velocity with increasing
contact angle has generally only been observed on surfaces of
contact angles up to 81°.”" Higher contact angles have been
associated with reduced sliding velocity and reduced fraction of
motile actin filaments, likely due to protein denaturation. In
contrast, we here found increased velocity on average when the
contact angle was increased from 75° to 86°. This effect is
most easily explained by a further increase of the fraction of
HMM molecules that are adsorbed on the surface via their
hydrophobic tail domain instead of via their head domain.
Total internal reflection fluorescence based ATPase assays™
suggested that the fraction of the HMM molecule with head up
was >70% on a TMCS surface of 70° contact angle, leaving
room for further increase of this fraction by increased contact
angle up to 86°. One possible explanation for previously
observed reduction in motility at contact angles > 75—80° is
the increased tendency for the motor domains of HMM to
denature on the polymer surfaces used in these studies.”"*¢

DOI: 10.1021/acs.langmuir.8b01415
Langmuir 2018, 34, 8777-8784



Langmuir

Figure S. Summed stack (225 frames) of a fluorescence microscopy recording (A) of a nanostructured surface patterned in 250 nm thick CSAR 62
on top of 70 nm SiO, and the network design (B) with CSAR 62 in white and SiO, in pink; scale bar 10 ym for (A) and (B). Negligible number of
actin filaments, and no motility was observed on the plasma oxygen-treated CSAR 62 (black areas in A). Many actin filaments (white lines in A)
and selective motility were observed, however, on the TMCS-derivatized SiO, surface inside the nanochannels, likely related to different binding

configurations of the myosin motors on the surface (C).

The polymers have higher surface area (related to higher
roughness) and are softer than TMCS-derivatized SiO,, which
may form the basis for such an effect.

It should be pointed out that, whereas the average velocity
increased with contact angle in the range of 75°-86°
increased velocity was not universally observed (Figure 4).
Thus, there was variability between the motility quality on
different parts of a surface at the highest contact angle both
regarding the actin filament sliding velocity and the number of
motile filaments (see Supporting Information, Figure S2). For
instance, whereas the velocity in some regions of a surface with
contact angle 86° was appreciably higher than that at 75°, there
was no motility on other parts of the surface, i.e., the actin
filaments were attached but immobile in the latter regions and
in some regions no filaments were present at all. These
observations may fit with a critical balance between improved
motility due to HMM tail adsorption and blocked motility due
to head denaturation. One of these phenomena may dominate
in one region whereas the other phenomenon may dominate in
other regions, e.g, depending on stochastic variation in the
early density of adsorbed HMM molecules in the different
regions. Verification of this hypothesis could possibly be
achieved using appropriately fluorescence-labeled HMM to
probe spatial variability of the HMM density. However, this
seemingly simple but, in reality, rather complex approach is
outside the scope of the present study.

For the use of TMCS derivatization in actin-myosin
nanodevices, it is valuable to know that motility is generally
maintained on TMCS-derivatized surfaces even for the most
extensive silanization that is readily achieved using our
controlled CVD system (method 2). However, the variability
in motility between different regions of a surface and between
different surfaces at a contact angle of 86° suggests that it is
safer to aim for contact angles in the range 70—75° for optimal
actin-myosin function if filaments with high velocity are
desired. However, for the study of actin filament behavior or in
sensing applications, a lower filament velocity may be required,
and thus, lower contact angles can be used. Further, the
velocity variations could possibly also be useful in measure-
ments where a range of temperatures are used, but a constant
velocity is desired. The different water contact angles can be
achieved by using different chamber pressures and silanization
times (see Figure S3 for more details). This is not achievable in
a predictable way using method 1.

As a confirmation of the above findings, we studied motility
on surfaces where we had first used electron-beam lithography
to pattern the surfaces with 200 nm wide CSAR 62 channels
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on top of SiO,. On such surfaces, selective motility was
observed on the TMCS-derivatized SiO, channel floors but not
on the CSAR 62-coated areas (Figure 5), after plasma ashing
and silanization using parameters corresponding to a water
contact angle of ~75°. The measured average velocity of actin
filaments in a60 solution in these structures at 22 °C was 3.7 +
0.3 um/s (n = 10 filaments), i.e., slightly higher than that on
unpatterned TMCS. This work further substantiates previous
results that a surface with low contact angle and negative
charge™*° is associated with poor HMM-propelled actin fila-
ment sliding. This is likely due to adsorption of the HMM
molecules via electrostatic attraction between their actin-
binding positively charged surface loops and negative charges
on the surface®®' ™% that prevent the myosin motor domains
to propel actin filaments (Figure SC).

4. CONCLUSIONS

We have shown that it is possible to adsorb HMM in a
motility-promoting manner on two new lithography resists,
TU7 for nanoimprint lithography and CSAR 62 for electron-
beam and deep-UV lithography, showing that the resists are
nontoxic for the proteins. We have also shown that these
resists can be treated with oxygen plasma to reduce the contact
angle with completely suppressed actin binding by the
adsorbed HMM molecules. Importantly, the suppression of
actin binding is unaffected by silanization treatment. These
findings support the use of the mentioned resists, with several
advantages compared to previously used polymers in terms of
resolution, contrast, and molding temperature for fabrication of
nanodevices where selective actin-myosin based transportation
is critical, in, e.g., diagnosticslz‘lS and biocomputation.5 We
also demonstrated a method for silanizing surfaces at different
chamber pressures. We have shown that this provides the
ability to obtain surfaces with a controlled variation in surface
hydrophobicities most likely related to different TMCS
coverage. In vitro motility studies using these surfaces
corroborate and extend previously proposed models for
HMM adsorption on SiO,-based surfaces with different
contact angles. The data also provide a well-defined window
for silanization parameters to achieve optimal function on
TMCS-derivatized surfaces in nanodevices. In view of recent
studies in the literature, these results provide a model system
for new potential applications in the study of disease-causing
mutations.
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Figure S1. HMM driven sliding velocity of actin filaments against filament length on resist
polymers TU7 and CSAR 62. A. Motility on non-plasma ashed TU7. B. Motility on non-plasma ashed
CSAR 62. Experiments in A and B at (19.3-19.8)°C after HMM incubation concentration at 120 pg/ml
in a60 solution. Velocities are average values obtained over a sliding time period of 3.0 s. Filament
lengths, 1, were obtained from intensity data as previously described’. The lines represent plots of the
following equationz: velocity = vy(1 — (1 — f)P%) where v, is the velocity for long actin filaments, f is
the motor duty ratio (here taken as 0.02), p is the active motor density, here assumed similar (4000
um'z) to that for a TMCS derivatized surface (contact angle 70°) and d=30 nm?. Note, comparison
between the experimental data and the theoretical plots are consistent with as high myosin head
density on both TU7 and CSAR 62 as on TMCS derivatized SiO,.
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Number of filaments and filament lengths in a60 and aMC130 solution.

No motility was observed at the lowest water contact angles in a60 solution. Some motility was
observed in aMC130 solution, although very few filaments were moving (Figure S2 (A-B)). As
mentioned in the main paper, this is likely due to a large fraction of HMM molecules binding to the
surface via their motor domains, causing very few motility-promoting heads. At a contact angle of 86°,
the number of motile filaments and stationary filaments varied appreciably in different regions. Thus,
the number of motile filaments was larger in some areas, whereas other areas showed no motility at
all. The number of stationary filaments was similar in both a60 and aMC130, which can be explained
by a similar number of “dead”, non-functional HMM heads. The total number of actin filaments being
much lower in aMC130 solution as compared to a60 is attributable to the higher ionic strength in
aMC130 (130 mM instead of 60 mM). The interaction strength between actin monomers is appreciably
reduced by a lowered ionic strength, leading to appreciably higher motility-induced fragmentation of
the filaments. This also explains why an increased ionic strength shifts the length distribution of the
actin filaments observed after a period of myosin driven motion to higher values (Figure S2 (C-D))

despite similar initial incubation concentrations with both HMM and actin.
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Figure S2. Fraction of motile actin filaments in a60 (A) and aMC130 (B) solution at different contact
angles. The highest contact angle (86°) is divided in two sections, similar to Figure 4 in the main
paper as there was a large variation in both the velocity as well as the number of motile filaments in
different areas of the sample. The number of longer filaments at different water contact angles is
higher in aMC130 (C) as compared to a60 (D). Each bin represents 0.5 ym, where the length of each

filament (40 per recording) was measured by hand.
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Optimizing the CVD system for TMCS-derivatization.

The degree of silanization can be controlled by varying the chamber pressures and silanization
duration with Method 2 (se main paper, Methods). This is illustrated by the measured contact angles

at different chamber pressures and silanization times in Figure S3.
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Figure S3. The water contact angle as a function of chamber pressure at different silanization times; 2
min (purple circle), 9 min (green square) and 64 min (pink triangle). The silanization time is defined as
the time after reaching the desired chamber pressure (i.e., 50 mbar, 80 mbar, 140 mbar, 200 mbar
and 260 mbar). The water contact angle increases at higher chamber pressures and longer

silanization durations.

The highest chamber pressure obtained (260 mbar) corresponds to a fully saturated TMCS system at
22.2+1°C. The water contact angle increases when the silanization duration increases as well as when
the chamber pressure is increased. By increasing the chamber pressure, we were able to obtain a
higher water contact angle at reduced silanization duration. Similarly, at a fixed chamber pressure, the
water contact angle increased with the silanization duration. We noticed that the water contact angle
varies slightly as the bubbler is depleted, which manifests itself in a larger range of data points in
some regions. A more optimised system could actively control the bubbler temperatures, e.g. using a

heat bath. The system used in this paper was used at room temperature without any heating.
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Abstract

Devices based on molecular motor-driven cytoskeletal filaments, e.g., actin filaments, have been
developed both for biosensing and biocomputational applications. Commonly, these devices require
nanoscaled tracks for guidance of the actin filaments which has limited the patterning technique to
electron beam lithography. Thus, large scale systems become intractable to fabricate at a high
throughput within a reasonable time-frame. We have studied the possibility to fabricate molecular
motor-based devices using the high throughput, high resolution technique of nanoimprint
lithography. Molecular motor-based devices require wide open regions (loading zones) to allow
filaments to land for later propulsion into the nanoscale tracks. Such open zones are challenging to
fabricate using nanoimprint lithography due to the large amount of material displaced in the process.
We found that this challenge can be overcome by introducing nanoscaled pillars inside the loading
zones, into which material can be displaced during imprint. By optimising the resist thickness, we
were able to decrease the amount of material displaced without suffering from insufficient filling of
the stamp. Furthermore, simulations suggest that the shape and positioning of the pillars can be used
to tailor the overall cytoskeletal filament transportation direction and behaviour. This is a potentially
promising design feature for future applications that however, requires further optimisations before
experimental realisation.

1. Introduction

Molecular motors are a class of proteins that govern the directed and active transport in eukaryotic cells. These
motor-systems can be isolated from the cell and used in so called in vitro motility assays [ 1-4], where motors,
adsorbed onto a surface, propel the corresponding cytoskeletal filaments on a chip, in a highly energy-efficient
manner (~25 kT/10 nm) [5-7] compared to e.g., nanofluidics. Such molecular motor systems on a chip in
nanotechnological applications require directed movement along chemically [8, 9] and/or physically [10-15]
defined tracks, fabricated by lithography. The unidirectional movement is strongly dependent on the persistence
length of the cytoskeletal filaments [8, 11, 15, 16], e.g., the actin-myosin IT motor system of muscle [17-19]
requires very narrow tracks <300 nm [8, 11] to prevent U-turns because of the rather high flexibility of actin
filaments compared to e.g., microtubules. On the other hand, the velocity of myosin II propelled actin filaments
is faster than of kinesin propelled microtubules.

Nanotechnological device applications of molecular motors includes e.g., biocomputation [7] where
mathematical problems are encoded into graphical networks of channels. As the cytoskeletal filaments move
along the tracks, they explore all possible pathways, each corresponding to different solutions depending on the
problem encoded. Molecular motors are also used within biosensing [20] for e.g., nanoseparation of analyte

©2018 IOP Publishing Ltd
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Figure 1. Schematic illustration of a loading zone with arrows indicating the filament trajectory path (top view) towards the channel
connecting to abiocomputer or sensor. The filament tracks are surrounded by resist walls (cross section, perpendicular to a
nanochannel) to physically and chemically confine the motor system to the channel floor in the in vitro motility assay where the
molecular motors propel cytoskeletal filaments.

molecules to concentration regions to increase the rate of collection analyte on the detector and to increase the
sensitivity in detection [21]. Both these types of devices require large open surface areas patterned for adsorption
of the motors in active form. These areas, here denoted loading zones, are important for initial landing of a large
number of cytoskeletal filaments from solution, for later transportation into the more complex channel
networks, see figure 1.

Currently, the loading zones and network structures are patterned by electron beam lithography (EBL) for
the actin-myosin system [7, 11, 20]. However, as patterns grow larger and more complex, the costs and
fabrication time scale become unmanageable. Nanoimprint lithography (NIL) is a promising high-resolution
[22-24] technique as it offers high throughput at lower costs relative other lithography techniques. The principle
of NIL is based on displacement of resist under pressure to replicate stamp features, so this method is not limited
by diffraction during sample fabrication. NIL is very suitable for single-step lithography applications, and with
high-resolution stamps it is possible to obtain features as small as 20 nm or below [25]. Furthermore, the effects
of electrostatic charging and beam scattering [26, 27] need not be taken into account as compared to EBL.
However, NIL becomes challenging if the difference between the height and width dimensions of the desired
material displacement is large [28], which is the case in some parts of molecular motor based devices, e.g., the
above mentioned loading zones.

It has been previously shown that NIL can be used to pattern narrow tracks (100—400 nm wide, 150 nm
deep) in poly(methyl methacrylate) for actin-myosin devices [29]. However, to the best of our knowledge, no
studies have been done to develop a method to imprint the larger and thus, more challenging loading zones,
combined with narrow tracks.

In this paper we show how we redesigned the loading zones from previous EBL fabrication efforts [8, 20] and
optimised the resist thickness to be able to imprint structures with a large width to height ratio without suffering
from insufficient filling of the stamp. By using a thin resist layer and by adding nanoscaled pillars we were able to
provide regions into which the laterally displaced imprint resist could flow. Subsequent to residual resist
removal, we were able to observe successful actin-myosin motility. Furthermore, we present simulations
showing that the structural design and placement of these pillars can be used to tailor the emptying rate of the
loading zone as well as to guide the filaments towards different directions. The implications of these theoretical
findings for improvements in pattern design are discussed.

2. Experimental

2.1. Stamp design and fabrication

Previous research [20] has shown that a funnel shaped loading zone is preferred over a circular one as the
filaments are guided towards the funnel tip, providing an improved loading, i.e., emptying rate of filaments
exiting the loading zone and entering the nanoscale channels as desired. Therefore, this funnel shape was
preserved also for the loading zones used here. All EBL designs were made using the Raith150 software (Raith
GmbH). To imprint shallow, wide loading zones, different types of nanopillar shapes were introduced into the
pattern. Initial testing without these pillars had a variety of issues including incomplete resist displacement,
inhomogeneous residual layers and large areas of resist peeling off during stamp removal.
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A hard NIL master stamp with negative features was fabricated using a 4” Si (100) wafer in thermally oxidized
(500 nm) SiO, (Siegert Wafer GmbH, Aachen, Germany). The wafer was patterned by electron beam
lithography (EBL) and reactive ion etching (RIE). In the first processing step, a double layer hard-etch-mask
consisting of 60 nm Cr and 30 nm SiO, was deposited on top of the SiO, layer by thermal evaporation (AVAC
HVC600, Ltd) and atomic layer deposition (ALD) (Fiji F200, Veeco), respectively. The top SiO, layer served as
the etch mask for patterning Cr, which in turn, was used for relatively deep etching of thermal oxide SiO,. A two-
step RIE was required due to insufficient stability of the EBL resist to pattern the Cr layer directly.

In the second processing step, a layer of EBL resist CSAR 62 (Allresist GmbH, Strausberg, Germany) was
spin-coated (Primus SB15, ATMgroup) onto the etch-mask at 3000 rpm for 30 s and baked on a hotplate for
2 minat 160 °C. The stamp pattern was defined by EBL (Raith150, GmbH) at 20 kV acceleration voltage, beam
current ~0.15 nA and dose 60 ;C/cm’. The pattern was developed in o-xylene (VWR, Radnor, PA, USA) for
5 min at room temperature and rinsed in 2-propanol (VWR, Radnor, PA, USA). Resist residues were removed
by ashing in oxygen plasma (Plasma Preen, Plasmatic Systems Inc.) for 15 sat 5 mbar.

In the third processing step, the top 30 nm SiO, was patterned by inductively coupled plasma reactive ion
etching (ICP-RIE) (PlasmalabSystem100, Oxford Instruments) using a mixture of C4,Fg and O, gases (chamber
pressure 1.0 - 10~ Torr, gas flow 78.7/3.2 sccm (C4F5/O,), RF power 268 W, ICP power 1194 W, DC bias
266 V). The CSAR 62 resist was used as a mask in this etch process. The underlying Cr was etched using a mixture
of Cl, and O, gases, creating a stable mask for deep etching the thermal SiO, (chamber pressure 1.0 - 10 Torr,
gas flow 20/5 sccm (Cl,/O,), RF power 97 W, DC bias 129 V). In the final etching step, the structures were
etched down ~380 nm into the 500 nm thick thermal SiO, by of C,Fg/O, ICP-RIE (chamber pressure
1.0 - 107° Torr, gas flow 78.8/0.9 sccm (C,4Fs/O,), RF power 248 W, ICP power 1986 W, DC bias 344 V). After
the final etch, all fluorocarbon residues were removed by ashing the wafer in pure oxygen plasma for 10 min at
5 mbar. The remaining Cr mask was removed by wet etching in Chrome Etch 18 (Micro resist technology
GmbH, Berlin, Germany) for 5 min. To provide an anti-sticking surface preventing resist adhesion during NIL,
the structured SiO, was coated with a monolayer of fluorodecyltrichlorosilane (FDTS) by ALD (Fiji F200,
Veeco).

The master stamp was used to fabricate transparent intermediate polymer stamps (IPS”) through thermal
imprinting. The IPS® was replicated from the master stamp by heating it to 160 °C and imprinting at 50 bar for
2 min and then cooled down to 115 °C before lowering the pressure to atmospheric pressure.

2.2.Sample fabrication

All samples were fabricated on 2” SiO,/Si(100) wafers by imprinting the patterns in TU7-220 resist (Obducat,
Lund, Sweden). A modified version of a standard IPS”-simultaneous thermal and UV-imprint (IPS®-STU")
process developed by Obducat, was used for the nanoimprinting. The wafers were patterned by the STU”
process, and a separate IPS” was used for each wafer. Prior to the deposition of TU7, the wafers were treated in
oxygen plasma at 5 mbar for 60 s to improve resist adhesion. To obtain an optimum resist thickness, a series of
wafers were spin-coated for 30 s at five different spin-speeds: 1000, 1200, 1500, 2000 and 3000 rpm, and baked
ona hotplate for 60 sat95 °C.

During imprint, the TU7 layer was heated to 75 °C and subjected to a pressure of 20 bar with subsequent
exposure to 20 s of UV-light, with a wavelength of 370 nm and intensity of 34 mW cm 2, to cross-link the TU7
polymer. The pressure and temperature were maintained for 2 min and then decreased to ambient conditions.
After imprinting, the wafers were examined in a scanning electron microscope (SEM) (Hitachi SU8010, Hitachi,
Japan) to determine the minimum resist thickness which ensures sufficient filling of the stamp, see figure 2.

A new series of wafers with the spin-speed with the best results (1000 rpm) were fabricated and imprinted.
These wafers were used to optimise the removal of the residual resist layer by reactive ion etching (Sirius T2,
Trion Technology) in oxygen plasma. To examine the residual layer, a small scratch was made through the
structured area and scanned in an atomic force microscope (AFM) (NaioAFM, NanoSurf) in non-contact mode
with an ACLA tip, before and after etching for 10 s, 30 sand 110 s, see figure 3. The obtained data was analysed in
the Gwyddion software [30].

The wafers were diced (Disco DAD 3320, Co) into to 10 X 10 mm samples and treated with
trimethylchlorosilane (Sigma-Aldrich, Saint Louis, MO, USA) as previously described [31] for 64 min at
200 mbar.

2.3. In vitro motility assay

We performed in vitro motility assays [4] as previously described [31] at 26 °C, by infusing 120 pg/ml heavy
mero myosin (5 min) and 200 nM Rhodamine-phalloidin labelled actin filaments (2 min) followed by an assay
solution (pH 7.4) containing 1 mM MgATP and with an ionic strength of 60 mM. The motility assay was
observed in a Zeiss Axio observer inverted microscope with Hg-lamp illumination, Zeiss Plan-APOCHROMAT

3
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Figure 2. Spin-curve for TU7 showing the resulting imprints at different thicknesses. The data points (marked with an x) have been
connected with a dashed line for clarity. Only the thickest TU7 layer just above 350 nm provided sufficient resist filling, i.e., without air
pockets inside the stamp due to lack of resist. The thinner resists provided a decreasing yield of successfully imprinted structures with

increasing cavities. The scale bar is 10 ym in all images.
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Figure 3. AFM scans showing the pillar heights and residual layer. Initially after imprinting, ~80 nm TU?7 is remaining. After etching
30 s, only ~40 nm remains, and after 110 s, the residual layer is completely removed. Furthermore, the pillar height decreased
drastically during this longer etch. Each colour in the graphs represents a different profile scan, the scale bar in the AFM scans is 2 zzm.

63 x 1.4 NA oil immersion objective, TRITC filter set (excitation 532—-554 nm, emission 570—613 nm, dichroic
cut-on 562 nm) and a Hamamatsu EMCCD camera. The recorded data was analysed in Image] [32, 33] to study

the filament behaviour.

2.4. Monte Carlo simulations
To estimate the effect of different shaped pillars in the loading zones, we performed Monte Carlo simulations of

the movement of filament tips on open surfaces and of their guiding at wall edges. The simulations take into
account the filament rigidity, thermal motion and the guiding effect of the channel walls as described in previous
work [15]. Briefly, the effect of the thermal fluctuations of filament tips moving at velocity (v) was taken into
account by updating the direction of motion at time intervals (Af) with an angular change, which was obtained
from a Gaussian distribution with zero mean value and standard deviation (o) according to equation (1):

o = (vAt/L)*3 (1)

where L is the persistence length of the filament (in this case 10 zm). The MATLAB (Mathworks, Natick, MA)
randn function with a Mersenne-Twister algorithm was used as random number generator for normal
distributions. For each simulated device, the random number generator was initialised with the ‘rng(‘shuffle’)’
command. Thereafter, individual random seeds for each filament were generated with the ‘randi’ function,
ensuring that the random number generator for each filament was initialised with a unique random seed. After a

4
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wall collision was detected, the direction of the filaments was changed such that the change in angle was minimal
and the angle after collision followed the angle of the smooth wall at the collision point. Similar algorithms have
been successfully used to optimise nanofabricated structures for the guiding of cytoskeletal filaments [7, 34].

3. Results and discussion

In standard NIL procedures, the resist is spun thicker than the stamp protrusions to prevent deformation and
damaging of the stamp during imprinting. However, by using a two-step imprinting procedure with a soft IPS”
this risk is completely eliminated. Due to the large difference between height and width being imprinted in the
structures presented here (up to ~1:200), we deliberately spun a thinner resist layer than the intended depth of
the structures to try and obtain more capillary flow upwards to displace as much resist as possible vertically, into
the stamp cavities. The thickness of the resist was varied by changing the spin-speed from 1000 rpm up to

3000 rpm. We found that the thinnest resist possible to use is just above 350 nm, while the thinner resists cause
insufficient filling, see figure 2.

The residual layer of TU7 was removed by reactive ion etching in oxygen plasma. Initially ~80 nm TU7
remained after imprinting. After a 30 s full wafer etch, only 40 nm remained. To ensure full removal of all TU7 in
order to promote later myosin driven actin motility, alonger 110 s full wafer etch was performed, completely
removing all remaining TU7 on the channels floors, see figure 3. A slightly shorter etch time can also be used to
maintain higher pillars.

The pattern designs and resulting imprints that were fabricated with use of the optimisations described
above, are depicted in figure 4.

The imprinted structures supported motility inside both the loading zone and the connecting nanochannel,
see figure 5, although the majority of filaments remained inside the loading zone without entering the channel.
We observed filaments tracing the pillar-structures when approaching at a grazing incidence angle, but
detachment was observed upon head-on collision, similar to what previous findings have suggested [8, 35]. The
overall number of filaments observed in these structures is low, which is likely due to the increased number of
obstacles as compared to open loading zones, causing an increased number of exiting events due to head-on
collisions. Moreover, the decreased number of filaments is also attributed to a decreased surface area available
for motor adsorption. The surface area is decreased to different extents from 1200 zm?* without any pillars,
depending on the different designs (figure 4). Nevertheless, as the filaments come in contact with the pillars,
their trajectory path is also redirected, providing a good spread of filaments across the entire loading zones
(figure 5). Such properties are desirable in applications where filament behaviour in a confined area is studied,
e.g., inresponse to different chemical environments. Therefore, we hypothesized that a hexagonal and square
pattern repetition would generate different filament spreading due to constant redirection upon impact, as
filaments otherwise tend to trace the walls in confined spaces [11, 15]. However, no obvious difference was
observed between the hexagonal and square pattern positions, both geometries provided good motility, this can
likely be improved by further optimisation to increase the number of filaments studied.

In addition, Monte Carlo simulations suggest that the pillars introduced could also be able to tailor both the
overall direction of filament movement as well as the emptying rate of filaments exiting the loading zone. For
these simulations, the same number of filaments (240) where simulated for a time equivalent of 1500 s for each
design. In an experimental set-up, the total number of filaments will also depend on the free SiO, surface area
available for molecular motor binding. Most design have the same SiO, area in both the square and hexagonal
pattern repetitions (figure 4). However, depending on the number of pillars included and the pillar shape, the
imprint areas vary slightly. Thus, the total number of filaments would not be consistent in each experiment.
However, as is clear from figure 4, the difference would be small.

The overall simulated behaviour of the filaments can be seen in the heat maps presented in figure 6. The
designs with three sharp corners (designs A, B, F, G in figure 4) present a larger difference in emptying rate
(figure 7) between the square and hexagonal pattern repetition as compared to the pillar shapes with just one
sharp corner (designs D and E in figure 4). The emptying rate with the completely symmetrical pillar shapes (see
designs H and I) are close to identical, despite the difference in pillar diameter. Moreover, the symmetrical pillar
shapes provide more evenly distributed filaments inside the loading zone (figure 6).

Another noticeable difference is that the emptying rate (figure 7) for square pattern repetitions is lower than
for hexagonal pattern repetition if a sharp corner is pointing towards the exit (compare A and B, D with E, Fand
G). However, the overall emptying rate is still higher for patterns with a sharp corner pointing towards the exit
(compare A, D with B, E). Interestingly, the pillar shape in designs F and G provide a slightly different filament
movement. The heat map of design F (figure 6) clearly shows a larger density of filaments closer to the loading
zone exit, while the opposite is true for design G. This is likely caused by the concave arc in the pattern that
changes the angle of any filament hitting the concave wall towards (design F) or away from (design G) the exit,

5
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Figure 4. Designs of imprinting patterns with square and hexagonal placement of the pillars, and SEM images of the resulting
structures after processing optimisation and motility tests. The imprinting area corresponds to the amount open SiO, available for
molecular motor binding. Sample E was imaged at a different occasion to the others, the contrast difference compared to the other
images does not reflect a material difference.

Figure 5. (A) Fluorescence microscope image of actin filaments moving across a loading zone and (B) a time series showing an actin
filament moving away from the loading zone through the connecting channel (see recordings in supporting information is available
online at stacks.iop.org/MRX/6/025057 /mmedia). Note that the images in (B) have been rotated 90° counter clockwise as compared
to (A). The scale baris 5 pum in all images.
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Figure 6. Heat maps of simulations showing the filament distribution across the different loading zone designs. The colour bar on the
right indicates the number of filaments that visited each pixel over a simulated duration of 1500 s. The colour map is the same for all

images.

Figure 7. Emptying rate, number of filaments exiting the loading zone as a function of time for different pattern designs. The shape of
the pillars and the pattern repetition affects the emptying rate, e.g., the hexagonal pattern repetition provides a higher emptying rate
for patterns with sharp pillar corners pointing towards the loading zone exit ((A), (D) and (G)).

which will affect the proceeding pathway [9]. The effect becomes more evident after comparison of emptying
rates (figure 7) for filaments pushed towards an end of the loading zone, where designs F and G provide the two
most extreme emptying rates.

The filament behaviour will of course vary for different molecular motor systems as a key factor affecting the
trajectory path is the persistence length. Here we have used parameters that match the behaviour of the actin-
myosin system in an in vitro motility assay, namely a persistence length of 10 ;zm and a velocity of 10 um/s.
Similar simulations have been successfully used to predict the behaviour of both actin-myosin and kinesin-
microtubule motor systems in nanostructures [7, 34].

4. Conclusion

We have shown that it is possible to fabricate structures with an aspect ratio up to ~1:200 (height-to-width) for
molecular motor devices by nanoimprint lithography. Key parameters are resist thickness and introduction of
pillar shapes into large open areas such as loading zones for cytoskeletal filaments. The pillars provide sinks in
the stamp into which polymer can be displaced. Furthermore, Monte Carlo simulations indicate that the
introduced pillars could be used to tailor the behaviour of filament movement by varying the shape and
configuration of the pillars. In contrast to previous attempts that created simple line patterns for the guiding of
cytoskeletal filaments [29], our approach allows fabrication of complex molecular motor-powered nanodevices
such as network-based biocomputers [7] or lab-on-a chip diagnostic devices [6]. We envision that this
technology will enable rapid mass-production of such devices at greatly reduced cost, bringing them closer to
market maturity. Furthermore, the possibility to imprint structures with large differences in dimensions by
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resist thickness optimisation may also find future applications within several other fields including nanopillar
patterning for e.g., superhydrophobic surfaces [36] or cellular behaviour studies [37].
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Abstract

Network-based biocomputation relies on accurate guiding of cytoskeletal filaments.
Here, we report on the fabrication and operation of a biocomputation network of a
classical nondeterministic-polynomial-time complete (“NP-complete”) problem,
the subset sum problem. The nanofabricated structures rely on a combination of
physical and chemical guiding of the gliding of cytoskeletal filaments, e.g.
microtubules or actin filaments along channels. Therefore, the nanochannels have
to fulfil specific requirements for the biochemical treatment as well as the
cytoskeletal guidance. The material stack used for the nanochannels was optimized
such that the motor proteins are active only at the floor of the nanochannels. Further
optimizations in the nanofabrication have greatly improved the smoothness of
channel walls and floor, while optimizations in motor-protein expression and
purification have improved the activity of the motor proteins. Together, these
optimizations provide us with the opportunity to increase the longevity as well as
the reliability of our devices. In the future, this will enable fabrication and operation
of large-scale networks, intended to solve substantially larger computational
problems that are too extensive and/or time-consuming for conventional computers.



Introduction

Conventional computers solve problems sequentially, which limits their ability to
compute intricate combinatorial problems. This concerns problems such as routing,
design of error-free computer chips and software, calculation of efficient resource-
use in industrial processes, or prediction of protein folding. The challenge is the
exponential increase of the necessary calculations in relation to the size of the
system. Even relatively small combinatorial problems can overwhelm a
conventional, sequentially operating computer, with the number of arithmetical
operations required to solve the problem. Alternative parallel computing approaches
like DNA-computers [1] or quantum computers [2], could in principle solve such
problems much more efficiently. However, so far these methods have not been
scalable in practice.

Here, we present a novel strategy for parallel biological computation, using a
combination of physical and chemical guiding of filaments by biomolecular motors.
For this purpose, state-of-the-art nanofabrication methods such as electron beam
lithography, are combined with biomolecular motors of the cell. This enabled us to
control the motion and position of biomolecules with molecular scale precision. We
used the biomolecular motor protein kinesin-1, which is robust in artificial
environments, and its associated cytoskeletal filaments microtubules (MT), as well
as heavy meromyosin together with its cytoskeletal filament, actin.

Network-based Biocomputation

A network-based biocomputational device in general, comprises a conveniently
designed computing network, with a pool of possible solutions that require a
sufficient source of biological agents to explore all possible outcomes. Network-
based biocomputation relies on accurate guiding of biological agents. The
nanofabricated structures rely on a combination of physical and chemical guiding
of the gliding of agents along channels.

A. Working Principle

Here, we investigated the fabrication and operation of a biocomputation network
that encodes the subset-sum problem (SSP), a classical nondeterministic-
polynomial-time complete (“NP-complete”) problem.

The SSP is a well-known problem in computer science especially in cryptography
and complexity theory [3]. SSP asks what possible sums, or alternatively, whether
a target sum T, can be reached by summing up any combination of integers from a
number set S.



In order to solve a SSP with biomolecular motors, a problem was encoded into a
graphical, modular network that was embedded in a nanofabricated planar device
(see Fig. 1). This network consists of split-junctions responsible for distributing the
cytoskeletal filaments evenly to all possible paths through the network, and pass-
junctions responsible for encoding the values of the numbers in the SSP [4].

In figure 1, a graphical representation of the computation network for the SSP
instance {10, 6, 5, 3} is shown. The agents enter the network from the top-left
corner. Filled circles represent split-junctions, where it is equally probable that
agents continue straight ahead or turn. Empty circles represent pass junctions where
agents can only continue straight ahead. Moving diagonally down at a split-junction,
corresponds to adding that integer (numbers 10 + 5 for the purple example path in
figure network). The actual value of the integer potentially added at a split-junction,
is determined by the number of rows of junctions until the next split junction. The
exit numbers correspond to the target sums T (potential solutions) represented by
each exit; correct results for this particular set {10, 6, 5, 3} are labelled in green,
and incorrect results, i.e., sums that cannot be obtained by any number combination,
(and thus, where no agents will arrive) are labelled in red.

Fig. 1: Schematic representation of a network encoding the SSP instance {10, 6, 5, 3}. Exits labelled in red and
green represent incorrect and correct solutions, respectively.



B. Network Layout

Two types of layouts for a computational network (Fig. 2), encoding for the specific
instance {10, 6, 5, 3} of a subset-sum problem, were designed, one for the
microtubule-kinesin 1 system, and one for the actin-myosin II system.

b 4

300 um

w051

Fig. 2: Layout of the biocomputation network encoding the SSP {10, 6, 5, 3} for a) microtubules and b) actin
filaments. Areas accessible to the cytoskeletal filaments (channels, loading zones and feedback loops) are indicated
in yellow, walls and inaccessible areas are indicated in blue.

The processing of microtubule-kinesin devices was done at TU-Chemnitz/ZfM and
Fraunhofer Institute ENAS and the processing of actin-myosin devices was done at
Lund Nano Lab at Lund University, resulting in a network of nanofabricated guiding
channels forming split and pass junctions. The biological functionalization and
necessary surface treatments were performed at TU Dresden for microtubule-
kinesin and at Linneaus University for actin-myosin.

Figure 3 shows the fabricated biocomputational networks for the SSP layouts. On

the left, the scanning electron micrograph of the entire network for microtubules is
given, and to the right an optical micrograph of the network for actin filaments is

shown.



Fig. 3: Fabricated biocomputational networks. (left) Scanning electron micrograph of the fabricated network
structure for microtubules and (right) optical micrograph of the network for actin filaments.

Experimental

Reliable guiding of the cytoskeletal filaments (the biocomputing agents), through
the network is based on two essential requirements: (I) Chemical guiding, where
only the channel bottoms have functional motor proteins and walls do not have
active motors, preventing the filaments from attaching to the surface anywhere but
inside the channels. (1) Physical guiding, where the channel topography provides
physical confinement. That means the filaments collide with the walls and are forced
to follow the channel.

The combination of chemical and physical guiding results in very reliable guiding
of the filaments in the desired direction (Fig. 4) [5, 6].

Two different types of motor-proteins and their corresponding filaments were
investigated during the experiments:

1) The kinesin-microtubule system, using the biomolecular motor protein
kinesin-1 — which is robust in artificial environments — to propel the
cytoskeletal filament microtubules (MT) [7].

2) The actin-myosin system, using the biomolecular motor protein myosin-II
— which is a very fast motor that is readily available from skeletal muscle —
to propel actin filaments [8].



Fig. 4: Chemical and physical guiding. Scheme of filament guiding based on physical and biochemical confinement

A. Network fabrication — kinesin-microtubule System

The biocomputational network used for the microtubule-kinesin system consists of
a network of SiO, channels, with a Au “floor” at the channel bottom, forming a
system of hierarchical structures of pass/split-junctions. The SiO; is silanized with
2-[Methoxy(polyethyleneoxy)propyl]trimethoxysilane (PEG), such that the motor
proteins (kinesin-1) can only adsorb onto the gold floor and not onto the surrounding
Si0, walls.

The network structures were fabricated on a standard 6-inch, single side polished
silicon wafer (625 um) in four steps:

1) The initial layer on the Si-substrate is a 100 nm thick SiO; diffusion barrier
layer made by dry thermal oxidation. The layer growing was carried out
under oxygen atmosphere with 3% HCIL. Afterwards a 100 nm Au layer was
sputtered, sandwiched between two 10 nm thick Cr adhesion layers. Next,
a 500 nm SiO; layer was deposited using a PE-CVD at 300°C. Finally, a
10 nm Cr layer acting as a hard mask for the SiO, patterning was sputtered
onto the surface (see Fig. 5).



Fig. 5: Layer structure for the devices used for the microtubule system. Cross sectional view of the deposited
layers on a silicon wafer.

2)

3)

The wafer was subsequently spin-coated with PMMA (ALLRESIST AR-P
679.04), a positive-tone electron-beam resist, to a resist thickness of 400 nm
and hard-baked at 180°C for 5 minutes. For the exposure, an e-beam
lithography system (Vistec SB254) was used at a dose of 650 uC/cm?. The
PMMA was developed for 60 s at room temperature in a solution of methyl
isobutyl ketone (MIBK) and isopropanol (IPA) (ratio 1:3), rinsed with IPA
and flushed in a conductance-controlled DI-water bath. In a final step, all
remaining surface humidity was removed in a commercial dryer. This
leaves the wafer with a patterned resist mask on top ready to be used as etch
mask for the underlying chromium layer.

The resilience of PMMA against plasma etching is quite low, therefore the
resist pattern was transferred into a Cr-layer acting as a hard mask for the
following structuring of the SiO-layer. Cr was used as mask material
because it gives high pattern fidelity and smooth channel sidewalls, which
is important for the next SiO; etch step. Etching of the chromium hard mask
was performed in a FHR MS-200-2-AE system using a mixture of Cl,
(100 sccm) and O, (30sccm) at a chuck temperature of 8°C for
150 seconds. The patterning of the SiO. channels was subsequently
performed at an ICP Oxford Plasmalab System 100 using a gas flow of
10 sccm CHF; and 18 sccm C4Fs. The etch duration was app. three minutes.



After successful nanofabrication of the channels (see also Fig. 3 left), surface
passivation, biological functionalization and microtubule gliding motility assays,
were performed by a procedure previously described [9, 10] that was upgraded for
motility in nanochannels [11]. Briefly, The SiO, surface of the computational chip
was passivated with 2-[Methoxy(poly-ethyleneoxy) propyl] trimethoxysilane] 90%
(ABCR, SIM4492.7; 0.23% v/v in toluene-HCl) overnight at room temperature to
prevent protein binding anywhere except onto the gold channel floors. Flow cells
were constructed by placing stretched stripes of Parafilm on the chips next to the
structures. The channels were closed with a glass coverslip (Menzel, (18x18) mm?)
silanized with PEG, as described for the structures above. Flow cells were perfused
with casein-containing solution (0.5 mg ml—1) in BRB80 and left to adsorb for
5 min. Next, 5 pl of kinesin solution (4 nM full-length kinesin), was perfused into
the flow cells and incubated for another 10 min. Thereafter, a motility solution (1
mM ATP, 20 mM D-glucose, 20 pg ml—1 glucose oxidase, 10 pg ml—1 catalase,
10mM DTT, 10uM taxol in BRB80) containing rhodamine-labeled, taxol-
stabilized microtubules, was applied.

Full-length kinesin-1 (kinesin) from Drosophila was expressed in insect cells and
purified as described previously [11]. Tubulin was isolated from porcine brain and
subsequently labeled with thodamine as described previously [12].

B. Network fabrication actin-myosin-system

The biocomputational network consists of a network of channels, which is formed
by a system of hierarchical structures of pass/split-junctions in CSAR62 resist on a
Si0,-coated Silicon substrate. (Fig. 6). The difference in charge and hydrophobicity
of the channel walls and floors, enable myosin-motors to adhere in a motility
promoting manner only on the channel floors.

Fig. 6 Layer structure. Cross section of the deposited layers on a silicon wafer



The structures were fabricated on a single side polished 2-inch wafer Si(100) wafer
in three steps:

1) A 70 nm thick SiO; layer was deposited onto the Si-substrate by atomic
layer deposition (ALD) using pulses of bisdiethylaminosilane as precursor
in oxygen plasma. The reason for this layer is two-fold: enabling surface
derivatization by TMCS to modify the surface hydrophobicity and to
enhance the contrast of fluorescently labelled actin filaments. The latter,
known as fluorescence interference contrast (FLIC) enables signal
enhancement through constructive interference of the emission signals of
the fluorophores located on the filaments, excited by either direct light from
the light source or light reflected by the Si surface.

2) Alayer CSAR62 (ALLRESIST AR-P 6200) was spin-coated onto the SiO»,
to a thickness around 360 nm and hard-baked at 180°C for 2 minutes. The
network was patterned by electron beam lithography (Raith150) with a dose
of 60 uC/cm® The CSAR62 was developed for 2 min in O-xylene, rinsed
with IPA and dried with N»-gas.

3) To remove any resist residues, and to activate the SiO, surface with
hydroxyl groups, the devices were treated in oxygen plasma for 15 s at
S5mbar. Once activated, the surface was derivatized with
trimethylchlorsilane by chemical vapor deposition as described in [13] at
200 mbar for 64 min, providing a water contact angle ~75°C.

A microscopic image of the fabricated biocomputational network for the actin-
myosin-system, comparable to the network used for the Microtubule-System, is
shown in figure 3 (right).

Flow cells were built by gluing device face down to microscope cover slips (No. 0,
Menzel-Glaser, Braunschweig, Germany) using two stretches of 60 um thick
double-sided tape. The in vitro motility assays were performed at 22°C according
to amodified protocol previously described [14], 120 pg/ml heavy meromyosin was
incubated for 3 min, 1 mg/ml bovine serum albumin (2 min), 50 nM rhodamine-
phalloidin labelled actin filaments (2 min). The ionic strength was 60 mM and the
MgATP concentration was 1 mM.

C. Image processing Microtubule System

Fluorescence time-lapse movies were recorded with an Axiovert 200M inverted
optical microscope (Zeiss) using a Tetra methyl Rhodamine Iso-Thiocyanate filter
set (Chroma Technology; Ex 535/50, DM 565, BA 610/75). Time-lapse images
were recorded at a rate of 0.5 frames per second with an exposure time of 100 ms
using an EMCCD camera (iXon+EMCCD, DU-897E, Andor) in conjunction with
Metamorph imaging software (Universal Imaging Corp.).



D. Image processing Actin-Myosin-System

The motility assays were imaged with a Nikon inverted microscope with a Mercury
lamp using a x100 1.4 NA oil immersion objective and a TRITC filter set
(excitation: 532-554 nm, emission: 570-613 nm, dichroic cut-on: 562 nm). The
recordings were captured at a framerate of 5 frames per second using an EMCCD
camera (Hamamatsu C9100) and analyzed with ImageJ [15].

Results and Discussion

Biocomputation with biological agents would require several technological
preconditions.

e Fabrication of smooth and narrow channels that reliably guide motility and
do not allow the filaments to make U-turns [16].

e Fabrication of devices that would ensure continuous motility from the
source of agents to the pool of possible solutions [17].

A. Microtubule-kinesin system

In order to achieve high pattern fidelity and smooth channel sidewalls, a Cr layer
acting as hard mask during SiO, plasma etch was evaluated. Due to the resilience of
PMMA against plasma etching being quite low, a Cr-layer acting as a hard mask for
the following structuring of the SiO,-layer was used. Cr showed good plasma
etching properties and a high selectivity against gold and SiO,. The Cr hard mask
gives high pattern fidelity and the etching results in smooth channel sidewalls (see
fig. 7), which is important for the motility of the agents in these channels.
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Fig. 7: Smoothness of channel sidewalls. (top) Rough SiO2 sidewalls and Au channel bottom using PMMA for
patterning. (bottom) Smooth channel surface using Cr as hard mask for SiO2 patterning and as adhesion layer. The
scale bar is 200 nm in both images.

Furthermore, two different adhesion layers (Titanium and Chromium) were
investigated regarding their plasma etch durability and their selectivity against gold
and Si0». The Titanium adhesion layer was used in previous experiments for the
fabrication of biocomputational networks [4]. However, during our investigation,
the Ti was already attacked during the plasma etching of the SiO,, so that during the
removal of this layer, the buried Au layer degraded resulting in an increase in
surface roughness and deposition of the sputtered Au at the SiO, sidewalls (see fig.
8).
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Fig. 8: Surface roughness. Scanning electron micrograph of a nanochannel with Au redeposited during the plasma
etching at the SiO2-sidewalls

To increase the reliability and the yield of the network structures, Cr has been used
as adhesion layer. This layer protects the Au surface during the SiO, etch and can
be remove without leaving residues behind by a O,-dry etch process.

Functionalization tests with the cytoskeletal filaments moving through the network
showed that samples with the Ti adhesion layer performed worse in the end due to
the increased surface roughness of the Au layer rendering it unsuitable for
biocomputing.

Another challenge was the ratio of large structures (landing zones) to small
structures (network channels) (see Fig. 3 left) during the dry etch processes. The
opening ratio of the areas influences the homogeneity and rate during the plasma
etching critically. Due to the good selectivity of the Cr adhesion layer, longer
etching times became possible without risking surface degradation of the underlying
Au layer.

The channel width plays an important role for the motility and the behavior of the
agents at the junctions, therefore the process related broadening of the channel width
during SiO; plasma etching was investigated. Seven network-structures were
fabricated having the same overall layout but with different channel widths ranging
from 200 nm up to 500 nm. Subsequently the channel widths of the different
structures (rectifiers, split and pass-junctions) were analyzed using a scanning
electron microscope (JSM 7800F) (see fig. 9 right).
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Fig. 9: Size accuracy of nanofabrication. Comparison of the channel broadening during SiO2 plasma etch. The
scale bar is 1 ym in all images.

The measurements in figure 9 reveal a linear dependence between the designed
width and the resultant structure width at the end of the fabrication process. This
finding enabled us to easily scale the designs to the channel sizes necessary to
achieve good motility of the cytoskeletal filaments.

The biocomputational network for kinesin-microtubule motility encodes one
particular four-variable instance of the SSP {10, 6, 5, 3}. The network was
fabricated using the optimized technology and patterning parameters described in
the experimental section. Observing microtubules exiting at the first 16 exits of the
network (fitting into one field-of-view of our microscope), showed that significantly
more microtubules exited at correct solutions than at incorrect solutions (Fig. 10).
Thus, we were able to solve the specific instance {10, 6, 5, 3} of the SSP with twice
as many possible solutions compared to [4], using electron beam lithography
combined with the biomolecular motor kinesin-1 and their associated cytoskeletal
filaments microtubules. Please note that almost all errors (filaments exiting at
incorrect exits) result from microtubules that landed in the channels and not from
microtubules that made a calculation error. In future devices, we will eliminate this
source of error using microfluidic focusing to ensure that microtubules can land only
in the loading zones of the device and not in the channels of the network.
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Fig. 10: Result. Results of microtubules exploring a {10, 6, 5, 3} SSP network

B. Actin-myosin system

Early proof-of-principle networks for the actin-myosin system were relatively
inexpensive to fabricate due to their size [4]. However, the increased dimensions
associated with upscaling quickly makes fabricating these structures infeasible
without process optimisation for high throughput. These earlier networks were
patterned by electron beam lithography (EBL) in poly(methyl methacrylate)
(PMMA) resist. PMMA requires high beam doses, whereas newer resists, such as
CSARG62 (AllResist GmbH, Strausberg, Germany) can provide a better contrast and
resolution at much lower doses, provided a suitable developer is selected.

As the overall device relies on biological function, it is critical that the polymer used
is non-toxic for the particular protein system in use. Furthermore, the polymer also
needs to inhibit myosin-binding to prevent motility on the channel walls. We
performed in vitro motility assays on CSAR62 surfaces and observed good motility,
comparable to that on TMCS-derivatized SiO; [13]. By treating a CSAR62 polymer
surface with oxygen plasma, we were able to completely suppress the actin filament
motility, see figure 11. These effects in combination make CSARG62 structures
suitable for the actin-myosin system.
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Fig. 11: Filaments on ARP. Fluorescence micrographs. The high motility on CSAR 62 suggests the resist is non-
toxic for the actin-myosin system. By plasma treatment of the resist, the motility can be completely suppressed.

In order to determine the requirements for CSAR 62 patterning, four different EBL
doses were tested; 30, 40, 50, 60 uC/crnz, with acceleration voltage 20 kV. All
structures were developed in O-xylene and we found that it was not possible to
achieve complete structures with a dose lower than 60 uC/cm? in our Raith 150 EBL
system, see figure 12. Structures exposed at 60 pC/cm? instead of the 250 uC/cm?
required by PMMA can be made roughly four times larger in the same amount of
time.

Fig. 12: DoseTest. Scanning electron micrograph of dose tests in CSARG2 resist. The scalebar is 1 ym in all images.

Furthermore, we found that the exposed areas did not fully replicate the pattern
design. This effect was found to be related to the orientation of the pattern (type 1)
with respect to the electron beam raster. To resolve this issue, we redesigned the
pattern (type 2) as shown in figure 13, and it now correctly exposes the pattern in
any orientation. All structures have been exposed with a dose of 60 pC/cm? using a
Raith 150 EBL at 20 kV acceleration voltage.
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Fig. 13: Pattern test. Scanning electron micrographs of two types of pattern designs. Pattern type 1 did not replicate
the pattern design due to the orientation of the electron beam raster. By redesigning the pattern, type 2, we were able
to correctly replicate the pattern.

To enhance the patterning speed further, the aperture size of exposure was increased
from 10 um diameter [4] to 20 um at 20 kV acceleration voltage. This increased the
beam current from 0.014 nA to around 0.12 nA increasing exposure throughput by
a factor 8.5. Figure 13 was exposed with a 20 pm aperture with no noticeable loss
of feature detail. No U-turns were observed during actin filament motion through
nanochannels exposed with this aperture size (see video in supporting information).
A stack of the maximum intensity can be seen in figure 14 for the structures exposed
at 10 um and 20 pm.

Fig. 14: Aperture diameters used for exposure. Fluorescence micrographs showing the maximum intensity for a 60
s time-lapse movie of an actin-myosin in vitro motility assay expeirment with structures exposed with two different
electron beam apertures, 10 and 20 pm. The scale bar is 5 um in both images.

To further enhance speed, the patterning process was adapted to a Voyager EBL
(Raith GmbH, Dortmund, Germany) with a 50 kV acceleration voltage and a 40 um
diameter aperture. This resulted in a beam current of ~0.55 nA and an even higher
throughput increase. Even at these high speeds, well defined features were achieved,
see figure 15.
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Fig. 15: SEM micrographs of the junctions. The images showing well preserved features even at higher electron
beam exposure currents, here 0.55 nA using a 40 um aperture and 50 kV acceleration voltage.

Initial testing of the biocomputational networks for actin filaments have begun.
Further optimizing is required to improve the longevity and number of filaments
exploring the network to ensure enough filaments can reach all exits.
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Abstract

Biomolecular motors (myosin, kinesin etc.) have been exploited for
nanotechnological applications, e.g. in biosensing and biocomputation, where the
motor-propelled filaments are guided along nanofabricated structures. Because the
nanostructured chips are expensive and time consuming to produce it is crucial to
develop a method that will allow repeated use without destroying the nanostructures
or disturbing the surface chemistry. To that end, we here report a method with the
potential to regenerate biomolecular motor-based nanodevices, enabling the re-use
of the nanostructured chips and the associated fluidics system by addition of fresh
proteins. We have used a small nonselective proteolytic enzyme, proteinase K (200
ug/ml), to cleave the surface adsorbed motor proteins (e.g. myosin II or kinesin-1)
followed by a short treatment with SDS (5%) or Triton X100 (0.05%). This method
was equally successful in regenerating trimethylchlorosilane-derivatized glass
surfaces for actin-myosin motility and glass surfaces for microtubule-kinesin
motility. We were able to regenerate both glass, trimethylchlorosilane derivatized
glass and SiO2 chips at least three times without any decrease in performance over
time. Additionally, we found that polyethylene glycol derivatized glass/SiO, and



CSARG62 polymer resists on SiO», used for motility inhibiting surface areas with
microtubule-kinesin and actin-myosin, respectively, did not lose their motility
inhibiting properties through the treatment. Furthermore, we observed regeneration
of nanostructured surfaces: (a) trimethylchlorosilane derivatized SiO chips
surrounded by CSARG62, for actomyosin motility and (b) gold coated chips
surrounded by polyethylene glycol derivatized SiO,, for kinesin-microtubule
motility. This demonstrates the versatility of this regeneration method for several
molecular motor-based systems. Thus, we also expect the method to be useful for
regenerating nanodevices for other protein systems adsorbed to surfaces for various
nanotechnological applications, e.g. in biosensing.

Introduction

Protein adsorption to surfaces is a ubiquitous and extremely important phenomenon
(Hlady and Buijs, 1996; Nakanishi, Sakiyama and Imamura, 2001; Kasemo, 2002;
Rabe, Verdes and Seeger, 2011). Whereas it may be unwanted in several instances,
it has also been widely exploited in biotechnology as well as in fundamental
biophysical and biochemical investigations (Castner and Ratner, 2002). For
instance, antibodies or other protein-based recognition molecules are adsorbed to
detector surfaces in biosensing (Hock, Seifert and Kramer, 2002; Frasconi, Mazzei
and Ferri, 2010; Arlett, Myers and Roukes, 2011; Kumar ef al., 2013; Sharma,
Byrne and O’Kennedy, 2016) and proteomic (Dodo et al., 2013; Sugimoto ef al.,
2016) applications. In addition, fundamental functional studies may involve surface
adsorbed receptors and other protein nanomachines (Wong et al., 1997; Xu, Bauer
and Siedlecki, 2014; Bell and Terentjev, 2017). One widely used assay of the latter
type is the in vitro motility assay. In the gliding in vitro motility assay (Kron and
Spudich, 1986), biomolecular motors isolated from cells, are adsorbed onto a
surface enabling propulsion of fluorescently labelled cytoskeletal filaments that can
be observed in fluorescence microscopes. Two commonly studied systems are the
actin filaments propelled by myosin motors (Kron and Spudich, 1986; Harada et al.,
1987; Winkelmann et al., 1995; Mansson et al., 2008) and microtubules propelled
by kinesin (Howard, Hudspeth and Vale, 1989) or dynein motors. These motor
systems are responsible for cell motility (including muscle contraction) and
intracellular cargo transport. The modified version of this assay may also be applied
to non-cytoskeletal motors such as processive DNA enzymes (Wang et al. 1998;
Mehta and Spudich 1998). The in vitro motility assay has enabled a variety of
nanotechnological applications, e.g. in nanoseparation and biosensing (Bachand et
al., 2006; Korten, Ménsson and Diez, 2010; Hess, 2011; Kumar et al., 2012, 2013,
2016; Korten et al., 2016; Kumar and Mansson, 2017) as well as more recently,
parallel biocomputation (Nicolau et al., 2016). Many of these applications require
networks of nanochannels for filament transport, which involve different surface



materials and chemistry. It is also expected that these devices will be advanced
further, e.g. by integrating (opto)- electronic components for automated read-out of
filament positions, velocities etc.

The nanostructures used for molecular motor-based devices are expensive and time
consuming to fabricate. Therefore, it is highly desirable to develop methods that
enable effective regeneration and re-use of these nanostructures. In this process, all
aged non-functional proteins are ideally replaced with freshly added functional
proteins without having to disassemble the chip from its fluidic system. At the same
time, it is also important that the surface regeneration is achieved without destroying
the nanostructures or nanoelectronic components. Ideally, the process also preserves
the motility-contrast between the nanofabricated channel floors and surrounding
walls related to different surface chemistries (Ménsson, 2012).

In previous efforts to regenerate surfaces, e.g., for biosensor use, a range of different
approaches were attempted. These include rather gentle methods such as incubation
with high ionic strength solutions (Radi et al., 2005) and detergent (Andersson,
Hamaélédinen and Malmqvist, 1999; Albrecht, Kaeppel and Gauglitz, 2008; Mattos
et al., 2012), a combination of detergents and acids (Andersson, Hdméildinen and
Malmgqvist, 1999) as well as cleaning followed by overnight incubation with water
(Sankiewicz, Tokarzewicz and Gorodkiewicz, 2015). However, the attempts also
include harsher methods such as treating the surfaces with highly concentrated acid
or oxygen plasma (Kumar Dixit, 2014). Whereas gentle methods may not be
effective in removing the aged proteins, harsher methods may alter the surface
chemistry as well as the physical properties of the nanostructures and electronic
components. Moreover, some of the procedures (such as oxygen plasma treatment
or overnight incubation with water) may require the disassembling of the biosensor
device before and its reassembling after regeneration. These approaches are not
suitable for miniaturized chips with critical nanostructures.

The aim of this work was to develop a suitable method for regenerating assembled,
molecular motor-based bionanodevices while keeping the surface chemistry and
embedded nanostructures intact. We hypothesized that either 1) surface treatment
with a suitable detergent or buffer, 2) proteolysis of the molecular motors on the
surface with an unspecific protease or 3) a combined treatment with protease and
detergent would desorb the molecular motors and other proteins from the surface
and thus, allow full surface regeneration by incubation with fresh motors. Finally,
we hypothesized that these treatments would be gentle enough to preserve the
critical surface properties and nanostructures without dissemblance of the chip-
fluidic systems. Following extensive initial trials, we selected the detergents Sodium
dodecyl sulfate (SDS) and Triton X100 as detergents as well as a quite extensively
characterized (Betzel, Pal & Saenger, 1988; Petsch, Deckwer, & Anspach, 1998)
nonspecific protease, ‘proteinase K’, for testing of our hypotheses (see further



below). Our results suggest that a combined treatment with Protease K and SDS or
Triton X100 gives optimal regeneration of the surfaces in the sense that it allows
their re-use for adsorption of fully functional motor proteins of general applicability
both to the actin-myosin and microtubule-kinesin motor systems. Furthermore, our
results suggest that regeneration is achievable without modifying the selective
surface chemistry and nanostructures. The possible extension of the regeneration
method to a range of non-motor applications is discussed in view of the broad
importance of protein adsorption in diverse fields.
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Figure 1. Schematic illustration of the method for regeneration of molecular motor-based bionanodevices.

Materials and Methods

Ethical statement

Rabbits for myosin and actin preparations were kept and sacrificed according to
instructions approved by the Regional Ethical Committee for Animal experiments
in Linkdping, Sweden, reference number 73-14.



Materials

Proteinase K from Tritirachium album was purchased from Sigma Aldrich (cat. no.
P6556), diluted in dH>O (1 mg/ml), aliquoted and stored at -20°C. Rhodamine
Phalloidin was obtained from Thermo Fisher Scientific (cat. no. R415).
Dithiothreitol (DTT) was purchased from Sigma Aldrich (actin-myosin study) and
Fermentas (microtubule-kinesin study). Adenosine triphosphate (ATP) is either
from Sigma Aldrich (actin-myosin study) or from Roche (microtubule-kinesin
study). MgCl, is either from Fisher Bioreagents (actin-myosin study) or from VWR
(microtubule-kinesin study). KOH is either from Sigma Aldrich (actin-myosin
study) or from Merck (microtubule-kinesin study). Sodium dodecyl sulfate (SDS)
is either from Sigma Aldrich (actin-myosin study) or from VWR (microtubule-
kinesin study). Other biochemical and reagents were of analytical and/or
biotechnology grade and purchased from Sigma Aldrich.

Buffers and solutions

Actin and myosin: A low ionic strength solution (Buffer A; pH 7.4) was composed
of 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 1 mM MgCl,, 0.1 mM
Potassium Ethylene glycol-bis(B-aminoethyl ether)-N,N,N’,N’-tetraacetic acid
(K2:EGTA). Assay solution (Buffer B) for gliding in vitro motility assays was
prepared in Buffer A with 10 mM DTT, 45 mM KCI, 3 mg/ml glucose, 0.1 mg/ml
glucose oxidase, 0.02 mg/ml catalase, 2.5 mM creatine phosphate, 0.2 mg/ml
creatine phosphokinase and 1 mM MgATP. Wash Buffer (Buffer C) was prepared
with 50 mM KCl and 1 mM DTT in Buffer A. Proteinase K and SDS were dissolved
in dH»O. Phenylmethanesulfonyl fluoride (PMSF) stock (usually 200-400 mM) was
prepared in 99.7% Ethanol and further diluted (5 mM) in dH,O just before use.

Microtubule and kinesin: All solutions for the gliding in vitro motility assays were
prepared in Brinkley Reassembly Buffer 80 mM (BRB80) (Buffer D; pH 6.9) that
was composed of 80 mM 1,4-piperazinediethanesulfonic acid (PIPES), 1 mM
EGTA, 1 mM MgCl,). The motor buffer (Buffer E) contained 0.2 mg/ml casein, 1
mM ATP and 10 mM DTT in buffer D. The assay buffer (Buffer F) was prepared
with 10 pM Taxol, 1 mM ATP, 40 mM D-glucose, 55 pg/ml glucose oxidase, 11
mg/ml catalase and 10 mM DTT in buffer D.

Protein preparations

Actin and myosin: Actin and myosin were prepared from fast skeletal muscle of
New Zealand white rabbits immediately after sacrifice according to ethical approval
(see above). Actin was prepared as described earlier (Pardee and Spudich, 1982;
Kron et al., 1991). Myosin and heavy meromyosin (HMM) were prepared following
a previously published protocol ((Margossian and Lowey, 1982), with modifications
in (Kron et al., 1991; Sata et al., 1993)). Protein preparations were characterized by



sodium dodecyl sulfate polyacrylamide gel electrophoresis, as described previously
(Rahman et al., 2018).

Microtubule and kinesin: Microtubules were polymerized from 5 pL rhodamine-
labeled porcine brain tubulin in buffer D with 5 mM MgCl,, 1 mM GTP, 5 %
Dimethyl Sulfoxide (DMSO) at 37°C for 30 min. The microtubules were stabilized
and diluted 60-fold in BRB80 containing 10 uM Taxol. Full-length Drosophila
melanogaster kinesin-1 molecules were expressed in insect cells and purified as
described earlier (Korten et al., 2016).

Surface preparation

Actin and myosin: For in vitro motility assays with actin and myosin, glass
coverslips (for control assays) were derivatized with trimethylchlorosilane (TMCS)
as described earlier (Sundberg ef al., 2003; Albet-Torres et al., 2007).

All partially patterned electron beam resist (CSAR62) coated SiO, surfaces were
fabricated on 10x10 mm Si(100) substrates with a 70 nm thick SiO, layer deposited
by atomic layer deposition (ALD). The chips were sonicated in acetone (VWR,
Radnor, PA, USA) and isopropanol (VWR, Radnor, PA, USA) for 3 min each, prior
to spin-coating a layer of CSAR62 (Allresist, Strausberg, Germany) dissolved to 9%
in Anisole (VWR, Radnor, PA, USA) at 3000 rpm for 30 s. A thin strip of
polydimethylsiloxane (PDMS) was placed in the center of the chip which was then
spin-cleaned at 6000 rpm using S1165 (Sigma Aldrich, Saint Louis, MO, USA),
acetone and isopropanol and dried under nitrogen flow. After drying, the PDMS
strip was removed and the chip was baked on a hot-plate at 180°C for 2 min. The
chips were treated with oxygen plasma at 5 mbar for 15 s and silanized with TMCS
for 64 min at 200 mbar, as previously described (Lindberg ef al., 2018).

The nanostructured surfaces were made on 10x10 mm? Si(100) substrates with a 75
nm thick SiO; layer grown by dry thermal oxidation. The chips were cleaned as
described in the previous section and spin-coated with CSAR62 dissolved to 13%
in Anisole at 5000 rpm for 30 s and baked on a hot-plate at 180°C for 2 min.
Following baking, the polymer resist was patterned by electron beam lithography
(Voyager, Raith GmbH, Dortmund GmbH) at 50 kV acceleration voltage, beam
current ~0.55 nA and 250 pC/cm? dose. The exposed polymer was developed in
amyl acetate (Sigma Aldrich, Saint Louis, MO, USA) for 90 s, rinsed in isopropanol
and dried under nitrogen flow. These chips were also treated with oxygen plasma at
5 mbar for 15 s and silanized with TMCS for 64 min at 200 mbar (Lindberg et al.,
2018).

Microtubule and kinesin: For kinesin-microtubule motility assays, glass coverslips
(22 x 22 mm? Corning) (for control assays) were cleaned by sonication in
Mucasol/water (1 : 20; v=v) for 15 min followed by rinsing in deionized water for
2 min. In addition, coverslips were sonicated in ethanol/water (1:1; v=v) for 10 min



followed by rinsing in deionized water and MilliQ-water (2 min each) and finally
dried using a nitrogen airflow.

The nanostructured devices for microtubule-kinesin motility assays were prepared
as described earlier(van den Heuvel ef al., 2005). They consisted of an Au floor
coated with kinesin-1 and 500 nm high SiO, walls that were coated with
poly(ethyleneoxy)-silane (PEG-silane) to prevent binding of motor proteins.
Briefly, a Si-wafer was sputter-deposited with 100 nm-thick Au, sandwiched
between two 10nm-thick Cr adhesion layers. Next, a 500nm-thick quartz layer was
deposited, followed by a resist layer. After exposure in an e-beam lithography
system, the resist was developed and the quartz layer was dry-etched down to the
Au layer. Afterwards, chips were cleaned for 10 min in acetone and rinsed with
ethanol and nanopure water. The Si0, was PEGylated for 16 h using 2.4 mg/ml 2-
[Methoxy(polyethyleneoxy)  propyl]trimethoxysilane,  (PEG-silane;  90%;
ABCR, SIM4492.7) in Toluene-HCI. Finally, the chips were rinsed in Toluene,
Ethanol and nanopure water.

In vitro motility assays and recording

Actin and myosin: The experiments were performed using flow-cells assembled
with the TMCS derivatized glass coverslip (24 x 60 mm?) for the floor and untreated
glass coverslip (18 x 18 mm?) for the ceiling of the cell, spaced with double-sided
tape. For in vitro motility assays (Persson ef al., 2013; Rahman, Salhotra and
Mansson, 2019), flow cells were incubated with HMM (120 pg/ml; 5 min) and then
with Bovine Serum Album (BSA) (1mg/ml; 2 min), both in buffer C. Subsequently,
the flow cells were rinsed with buffer C, incubated with 2-10 nM rhodamine-
phalloidin labeled actin filaments and rinsed again with buffer C, prior to addition
of the assay solution (buffer B). Image acquisition was performed using an inverted
fluorescence microscope either from Nikon (Nikon TE300, Nikon corporation with
a 100x objective, NA =1.4) or Zeiss (Axio Observer.D1, Zeiss, Germany, with a
63x objective, NA=1.4). For excitation, a Mercury short-arc lamp (OSRAM GmbH)
was used together with suitable filter sets, allowing observation of rhodamine
fluorescence. Image sequences were recorded using an electron multiplying charge-
coupled device (EMCCD) camera (C9100-12PHX1, Hamamatsu Photonics) with
pixel size (on sample) of 0.16x0.16 um?® and 0.24x0.24 pm? for 100x and 63x
objective, respectively. The actin filament movements were recorded using a frame
rate in the range 4-10 frames/second. Actin filament sliding velocities were
calculated as described earlier (Méansson and Tagerud, 2003; Rahman ef al., 2018).
The cut-off of the coefficient of variation (CV) (standard deviation of frame-to-
frame velocity divided by average velocity in ten frames) for data inclusion in
velocity analysis was set to <0.2.

Microtubule and kinesin: The experiments were performed in 3-mm-wide flow-
cells. Flow cells of planar surfaces were assembled from a cleaned glass coverslip



(22 x 22 mm?) for the bottom, a (18 x 18 mm2) PEGylated coverslip (Papra,
Gadegaard and Larsen, 2001) for the top, and two stripes of parafilm as spacers. For
nanostructured devices, flow cells consisted of a (22 x 22 mm?) PEGylated coverslip
for the bottom, the silicon wafer for the top, and two stripes of parafilm as spacers.
Buffer D, containing 0.5 mg/ml casein, was perfused into the flow-cell and allowed
to adsorb to the surface for 5 min. This solution was exchanged for a 10 pg/ml
kinesin-1 solution in motor buffer and incubated for 5 min. Assay buffer (buffer F)
containing 580 nM microtubules was added to the flow-cell. Image acquisition was
performed using an inverted fluorescence microscope Zeiss Axiovert 200M (Zeiss,
Germany) with a 100x oil immersion objective Plan-Neofluar NA = 1.3 (Zeiss,
Germany) and an objective heater set to 27°C (for planar surfaces) and a 40x air
objective Plan-Apochromat NA = 0.95 (Zeiss, Germany) (for nanostructured
surfaces). For excitation a Lumen 200 metal arc lamp (Prior Scientific Instruments,
USA) was applied. The data was recorded with an electron multiplying charge-
coupled device (EMCCD) camera (iXon + EMCCD, DU-897E, Andor) having a
pixel size of 16 pm. If not stated differently, images were acquired every 2 s with
an exposure time of 100 ms using MetaMorph (Molecular Devices, USA).
Microtubule gliding velocities were evaluated using a MATLAB-based tracking
algorithm developed in-house and was described earlier in detail (Korten et al.,
2018).

Surface regeneration

After performing an in vitro motility assay, the flow cell was rinsed three times with
wash buffer (buffer C or D) followed by rinsing with dH>O. In the final optimized
protocol, proteinase K was diluted in dH>O to 200 pg/ml and activated with 5 mM
CaCl, at 37°C for 10 minutes, before being added to the flow cell and incubated for
1 hour at 37°C with gentle shaking. After the proteinase K treatment, all following
steps were performed at room temperature (RT). Next, the flow cell was rinsed three
times with dH»O followed by incubation with a PMSF-containing solution (5 mM)
for 5 minutes. Finally, the flow cell was washed with dH»O (3x) and incubated with
SDS (5 %) or Triton X100 (0.05%) for 5 minutes. To remove the SDS or Triton
X100, the flow cell was rinsed 10 times with dH,O and then three times with wash
buffer. In order to perform a new in vitro motility assay, fresh proteins (HMM and
actin; see above) were added.

Results and discussions

For the initial developments of an effective surface regeneration procedure, we
predominantly used the actin-myosin motor system (Table S1; Figs. S1-S3). The
initial studies involved tests of regeneration using only proteinase K (Fig. S2) or
different detergents (Fig. S1, Table S1), as well as tests with varied incubation times



and concentrations of the different detergents (Fig. S1). The detergents are expected
to weaken the hydrophobic interactions that are assumed to be central for the
unspecific surface adsorption of HMM and several other proteins (Toyoshima,
1993), which suggests that they would be useful in a surface regeneration procedure.

Proteolytic enzymes, on the other hand, may be useful by appreciably lowering the
local protein concentration through proteolysis followed by diffusional removal of
the peptide fragments. We selected proteinase K as proteolytic enzyme for several
reasons: (1) It has a high activity and (2) it is a non-selective (Betzel et al., 1988)
protease, attacking peptide bonds between several different amino acids. (3) It is a
small protein (28.5 kDa) that limits steric hindrance of enzymatic attacks close to
surface-adsorbed parts of a molecular motor within dense protein layers (Betzel et
al., 1988). (4) It has a high conformational stability (Bajorath, Hinrichs, Saenger,
1988) which is likely to limit its own surface-adsorption and associated inactivation.
Finally, (5) proteinase K is well documented to cleave actin (Higashi-Fujime et al.,
1992) and is used in biotechnological applications such as nucleic acid isolation and
cell lysis studies (Goldenberger et al, 1995). We added proteinase K at a
concentration of 200 pg/ml, which is in the high range of the supplier’s
recommendation (50-200 pg/ml) for nucleic acid preparations (Sigma Aldrich), but
lower than the concentration (400 pg/ml) in a study (Petsch et al. 1998) where
proteinase K was used to remove endotoxin from cationic proteins. Incubation times
between 30 min and 18 h were suggested by the manufacturer, but in earlier papers
even longer times (30 h) were applied.

We tested different incubation times with proteinase K (Fig. S2), however, all led
to only partial regeneration, characterized by lower actin-sliding velocity after the
regeneration procedure). Based on a hypothesis that there might be some motor
fragments left after proteolysis that prevent saturation of the surface with newly
adsorbed motors, we added a brief SDS incubation step following the proteolysis to
remove these remnants. Based on tests of different SDS concentrations (Fig. S3),
we found that treatment with 5% SDS seemed optimal. Therefore, we decided on a
standard, optimized, regeneration protocol (Fig. 1) where 1 h proteinase K treatment
(200 pg/ml) is followed by 5 min treatment with SDS (5%).

This protocol (Fig. 1) was then applied to actin-myosin and microtubule-kinesin in
vitro motility assays for quantitatively evaluating its performance on various
substrate materials as well as chemically and topographically structured surfaces.

On standard surface substrates (TMCS derivatized glass and SiO; chips for actin-
myosin, and glass for microtubule-kinesin), we found that the test motility function
(sliding velocity, fraction of motile filaments, and length of filaments) after
regeneration was fully restored compared to the control, both for actin-myosin and
microtubule-kinesin (Fig. 2 and 3).



We have found that, actin filament gliding was similar both before (control) and
after the regeneration (Fig. 2a-d). Moreover, the fraction of motile filaments was
not decreased on the regenerated surfaces (Fig. S3b). If the regeneration with the
optimized protocol would not have effectively removed all surface-adsorbed
proteins, one would see more stuck filaments because of the interaction between
actin and denatured proteins or protein fragments on the surface. In addition, the
average length of the paths travelled by the filaments would be shorter. Therefore,
our results (Fig. 2a-d and S3b) suggests that the regeneration procedure with
proteinase K (1h) and 5% SDS (5 min) effectively cleans the surfaces. The motor
density is another important consideration for the in vifro motility assay, since the
actin sliding velocity is lower at a reduced motor density on a surface. Moreover, in
such a condition, one would expect to observe appreciably longer filaments because
of reduction in breakdown by reduced number of myosin heads. Our results show
that the actin filament length distribution (Fig. 3a) is similar both before and after
regeneration. Furthermore, the actin-sliding velocity was not reduced after the
regeneration (Fig. 3b). The differences in velocities on control surfaces in Figure 3b
are due to the experiments being performed at different temperatures, in the range
20.6-25.4°C. However, these observations (Fig. 3) are consistent with the idea that
the motor density was not reduced after the regeneration. Moreover, previous
studies suggest that, actin sliding velocity is reduced when the surface chemistry is
altered, for example at lower surface contact angles, because of an altered myosin
binding pattern. Therefore, we argue that the surface regeneration process did not
change the surface chemistry as we did not observe lower velocity after recycling
of the surface.

After regenerating the flow channel and adsorbing new kinesin-1 molecules,
microtubules moved smoothly and the fraction of stuck filaments did not increase
(Table S2; Fig. S4). A comparison of a typical gliding assay before and after
regeneration is shown in Figure 2e-h (and Supplementary movies). The microtubule
length distribution is dependent on the actual population, especially the length of
the shortest filaments able to move on a surface which is regulated by the active
kinesin-1 density. Because the distributions before (control) and after the
regeneration are comparable with respect to the shorter filaments (Fig. 3c) we can
conclude that also a high motor density is achieved after regenerating the surface.
The microtubule gliding velocities, which are independent of the kinesin-1 density
on the surface, also remained nearly constant (Fig. 3d).
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Fig 2: Gliding motility assays before and after regeneration a+c) Fluorescence micrographs zoomed areas
showing a single actin filament gliding on a HMM coated TMCS derivatized glass surface before (a) and after (c)
regeneration. Images are from maximum projections of time-lapse movies at different time points. b+d) Full field of
view showing actin filament gliding on HMM coated TMCS derivatized glass surface before (b) and after (d)
regeneration. The image is from average projection of a 4 s time-lapse movie. Scale bar: 20um. e+g) Fluorescence
images of microtubules gliding on kinesin-coated glass substrates at different time points before (e) and after (g)
regeneration, overlayed to the summed traces (Z-projections) of the microtubules. f+h) Average projections of time-
lapse movies (121 images; 1 image per second) of these exemplary assays (whole field of view) before (f) and after
(h) regeneration.

We also tested whether or not it was possible to repeatedly regenerate surfaces. We
have tested the repeated regeneration (3 times) using TMCS derivatized SiO»
surfaces with the optimized protocol without observing any decrease in the actin
sliding velocity (Fig.3). Similar results were found for the microtubule-kinesin
motility on glass (Fig. 3). If devices are not immediately reused it is better to dry
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the motility assay-supporting surface. We therefore tested if it is possible either to
dry the surface before or after regeneration and then re-use it. This was tested for
the microtubule-kinesin motility assay system on glass surfaces and we found that
both approaches yielded successful regeneration (Fig.3; Table S2).
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Figure 3: Analysis of motility performance after regeneration a) Actin filament length distribution on HMM
adsorbed to TMCS derivatized SiO2 surfaces on 2 different experimental occasions before and after the regeneration.
b) Actin sliding velocity on the HMM adsorbed to TMCS derivatized SiO2 surfaces; N= 3 surfaces where 1st and 2nd
surfaces were regenerated one time (no further regeneration was attempted intentionally) while the third one was
recycled for 3 times. In each individual experiment, 10-24 actin filaments were analyzed. ¢) Microtubule length
distribution in a kinesin-1 gliding assay on glass surfaces before and after regeneration. d) Microtubule gliding
velocity at 27°C on kinesin-1 adsorbed to glass surfaces; N= 4 surfaces where the 1st surface was recycled for 3
times; the 2nd surface was recycled for 1 time; the 3rd surface was first dried and then recycled for 1 time; the 4th
surface was first recycled and then dried before performing a motility assay. For the 2nd to the 4™ surfaces, no further
regeneration was attempted intentionally. In each individual experiment, 277-664 microtubules were analyzed. Data
are given as mean + 95 % Confidence Interval (95 % ClI).

After having proven that the regeneration of standard planar surfaces for gliding
motility assays works reliably, we tested topographical structured surfaces with
selective chemistry. For microtubule-kinesin this was realized by microstructuring
silicon oxide on top of a gold coated silicon wafer (Fig. 4a). The silicon oxide walls
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were chemically modified with PEG-silane to block protein binding, i.e., to allow
motility only on the gold floors of the structures. Similar structures have been used
earlier for kinesin-based devices (van den Heuvel ef al., 2005; Nicolau et al., 2016).
The control motility assay showed smooth gliding of filaments and motility was
exclusively restricted to the structured “flower” area (Fig. 4b). The determined
microtubule gliding velocities were around 700 nm/s and remained about constant
over time (Fig. 4c). After regenerating the surface and adsorbing new proteins,
motility was still only observed within the structures, clearly demonstrating that the
chemical selectivity due to the PEG-coating of the silicon oxide walls was not
destroyed by the regeneration procedure. Moreover, microtubules were nicely
guided at the structure walls and did not get stuck more frequently: the fraction of
stuck microtubules after regeneration fregeneraion = 0.09 was comparable to the control
value feonwol = 0.07. The microtubules gliding velocities were with about 740 nm/s,
slightly higher than the control, but also remained constant over time. The velocity
increase after regeneration, might be explained by a slight increase of the ambient
temperature in the course of the experiment. Altogether, these results indicate that
our regeneration procedure is equally suitable for topographical structured surfaces
and for planar ones, and even preserves chemical selectivity.

Figure 4. Regeneration of an assembled motility device with embedded nanostructures. a) Schematic cross-section
of the nanostructured surface used for regeneration. On these surfaces, motility was restricted to the gold layers on
the pattern floor of the microstructures. The rest of the surface was protein-repellent due to a PEG-silane coating. b)
Summed traces (Z-projections of 10 min time-lapse movie) of fluorescently labelled microtubules gliding on kinesin-1
coated gold layers (pattern floor) before (control) and after regeneration. Scale bar: 50um. ¢) Microtubule gliding
velocity (nm/s) at different time points before and after regeneration; N= 3 surfaces. At each individual time point, 637-
1216 microtubules were analyzed. Data are given as mean = 95 % Confidence Interval (95 % Cl).
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In a next attempt, we tested the method to regenerate a SiO, surface, patterned using
a surface chemistry adapted for the actin-myosin motility assay system. In this case,
half the surface was covered with motility inhibiting CSAR62 polymer resist
(Thomas and Macintyre J Vacuum Sci & Tech 2014) that may be used for
nanofabrication of structures on a SiO; chip (Lindberg et al., 2018). We found that
the motility inhibition in the area covered with CSAR62 polymer resist was not
altered by the regeneration procedure while the TMCS derivatized SiO; surface area
without CSARG62 resist was fully regenerated (Fig. S5).

Next, we tried regenerating the simple nanostructure design in Fig. 5. Unfortunately,
we found that a similar treatment as described above does generally not lead to
successful regeneration of nanostructures for actomyosin motility with TMCS
derivatized SiO, surrounded by motility suppressing CSAR62 polymer resist. We
considered the idea that this is due to a lack of compatibility of CSAR62 with
extended aqueous treatment. To test this possibility, we submerged some
nanostructures under water for 8 hours but did not observe resist lift-off or other
changes. We then hypothesized that use of SDS may cause the problem. The long
hydrocarbon chain of SDS may interact with the ester group of CSAR62 polymer
resist and change the properties of the resist. Another possibility could be that SDS,
which is an anionic surfactant with appreciable net negative charge, transfers the
negative charges to the CSAR62 polymer resist. The ideas that the use of SDS is the
basis for the problems with regeneration of nanostructured surfaces is supported by
results of experiments where SDS was substituted with a nonionic detergent Triton
X100 (0.05%). In contrast to SDS, Triton X100 has neither the long hydrocarbon
chain nor the negative charges. Interestingly, we found that Triton X100 is equally
effective as SDS for regeneration of both TMCS derivatized glass and SiO; surfaces
(Fig. 5) otherwise using the standard protocol (Fig 1). Both the actin sliding
velocities and the mean filament lengths were maintained at the control value after
regeneration, suggesting that the HMM surface density is unchanged compared to
motility assays before regeneration (Fig. S6).
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Figure 5: Efficiency of the optimized protocol (Proteinase K incubation (200 ug/ml; 1h; 37°C) followed by Triton X100
treatment (0.05%; 5min; RT)) to regenerate non-patterned motility assay surfaces and surfaces with nanostructures. a
& b) Fluorescence micrographs showing actin filament gliding on HMM adsorbed to TMCS-derivatized SiO: in the
nanostructure (see schematic design in Fig. 5¢): a) control and b) after regeneration. Images are from maximum
projections of 3.8 s time-lapse movies. Scale bar: 20um. ¢) Schematic design of the nanostructure used for
regeneration with topographically and chemically defined channels. The structure is made by electron beam
lithography in CSAR 62 polymer walls with trimethylchlorosilane-derivatized-SiO2 channel floors (pink). The HMM
motor fragments bind to the TMCS-derivatized channel floors (pink) in a motility promoting manner, as binding to the
surrounding CSAR 62 polymer walls is inhibited (Lindberg et al Langmuir 2018). The large heart shaped structure acts
as a loading zone for the actin filaments, guiding them into the 500 nm wide feedback channel. d) HMM propelled
actin sliding velocity (um/s) on TMCS derivatized SiO2 surfaces; N= 2 surfaces where the 1st surface was a flat chip
and regenerated twice and the 2nd surface had an embedded nanostructure (Fig 5c). On the flat SiO2 chip, 18-25
actin filaments were analyzed and on the loading zone of the nanostructure, 3-12 filaments were analyzed. Data are
given as mean + 95 % Confidence Interval (95 % ClI).

The generally useful regeneration procedure that we describe in the present paper
requires both the proteinase K incubation step and subsequent treatment with a
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detergent (cf. Figs. S3-S6). We attribute the role of proteinase K in the regeneration
process to effective cleavage of the motors, presumably into small peptide
fragments, allowing these to readily diffuse away from the surface. The need to use
SDS or Triton X100 for full regeneration suggests that small peptide fragments may
re-adsorb to the surface after proteinase K digestion, preventing adsorption of fresh
motor proteins. An important feature of a regeneration procedure, is that it does not
destroy the nanostructures or the selective motility based on different surface
chemistry. The present work suggests that the use of SDS is compatible with these
aims for some surface patterning procedures (Fig. 4) but may need to be substituted
by other detergents (e.g. Triton X100) in other cases (Fig. 5).

The fact that the regeneration was equally effective for actin-myosin and
microtubule-kinesin 1 assays, is highly important for the development of motor
driven nanodevices because these two motor systems are the ones most often used
for these purposes. Furthermore, the surface treatment described in this paper did
not affect the previously performed motility suppressing treatment on the CSAR62
polymer resist and did not affect the PEG-layers on the SiO» supressing
microtubule-kinesin motility.

Conclusions

We describe a method to regenerate molecular motor-based bionanodevices,
assembled together with a fluidic system, that is useful for both the actin-myosin
and microtubule-kinesin systems, and has the potential to allow repeated use of such
devices. Our findings are important also because the regenerated structures also rely
on chemical confinement to create non-motile areas in nanostructured devices
(Nicolau ef al., 2016; Lindberg et al., 2018) for use in motor-driven biocomputation
or biosensing applications. We found that these chemical treatments were
unaffected by the regeneration procedures presented here. Future applications of the
regeneration method can be extended to other motor-based devices with embedded
nanostructures or nanoelectronics.
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Supporting Materials and Methods

Materials

The detergents Tween 20 and Triton X100 were diluted in dH,O before use. The
radioimmunoprecipitation assay (RIPA) buffer was composed of 150 mM NaCl, 1%
sodium deoxycholate, 25 mM Tris base, 0.1% SDS, 1% NP40 and prepared before
use.

Regeneration using non-standard protocols

In the course of optimizing the protocol, we performed experiments generally
following the protocol in the main Fig. 1 but eliminating either the proteinase K or
the detergent incubation step. We also varied the Proteinase K incubation time (1-
24 h) and the SDS concentration (0.05 to 5%). Furthermore, we tested other
detergents than SDS.

To regenerate surfaces with different detergents, after performing an in vitro
motility assay (“control assay”) on a trimethylchlorosilane (TMCS) derivatized
glass surface, the flow cell was rinsed with wash buffer C (5x) followed by a series
of rinse (3x), incubation (2h) and rinse (3x) with a detergent solution (concentrations
were varied for different detergents). Next, the flow cell was rinsed (10x) with the
buffer C before a new motility assay (“test assay”), i.e., adsorbing new molecular
motors, was performed on surfaces.

Supporting results

We tested different detergents (Tween 20, SDS, Triton X100) and RIPA buffer
which have previously been found to be useful for desorption of proteins from
surfaces (Mattos et al 2012; Albrecht et al 2008; Andersson et al 1999; Kratz et al
2015). None of the tested agents alone led to a full recovery of motility. We
hypothesized that the reason could be that 1) an extended (2 hours) incubation with
detergent changes the surface chemistry or 2) detergent molecules themselves
adsorbs to the surface hence disturbing new protein binding. To test these
hypotheses, we first used appreciably shorter incubation time periods with SDS
(0.5-2 min) as well as different SDS concentrations (0.05-1%). None of these
approaches was, however, effective to regenerate TMCS derivatized glass surfaces
for subsequent in vitro motility assays. We also incubated a fresh control surface
with SDS (0.05%, 30 sec) before adding proteins and that did not decrease the
performance of the motility assay (Table S1; Fig. S1). One explanation for the failed
regeneration with use of detergent alone, might be the high local surface
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concentration of motors proteins. This might lead to aggregation of the denatured
motors, thus, preventing surface desorption. Such an idea is consistent with the
observation of macroscopic precipitates following treatment with 10% SDS (Table
S1).

We then treated the motility assay surfaces with proteinase K (see details in the
manuscript) to effectively cleave the surface adsorbed proteins. The flow cells of
the control assays were incubated (1-24 h at 37°C) with proteinase K followed by
several rinsing steps. We found that the myosin motility in the subsequent test assay
was successfully regenerated, although the actin gliding velocity was significantly
reduced. However, the incubation time did not impact the effectiveness of the
regeneration, as the gliding velocities in the respective test assays (Fig. S2a) were
not significantly different. Therefore, in the following, a proteinase K incubation
time of 1 h was used unless otherwise stated.

In addition to a reduction in velocity, we noticed that the fraction of motile actin
filaments was higher in the test motility assays after regeneration (Fig. S2b).
Moreover, the tendency for short filaments to detach from the surface was increased,
and the filaments were, on average, appreciably longer (Fig. S2 c-e) than before
regeneration. These observations point toward a lower myosin (HMM) surface
density compared to the control assay (Uyeda et al. 1990; Toyoshima et al. 1990).
One reason for this may be the reduced adsorption of new functional HMM
molecules due to an incomplete removal of the proteins from the surface during the
washing steps after the proteinase K treatment. For the microtubule-kinesin system,
we found that the motility performance in the test assays varied if only proteinase
K and not the detergent step was included during the regeneration. In most instances,
more microtubules were stuck or detached from the surface. Similarly, to the actin-
myosin system, these results indicate the presence of fewer and/or inactive motors,
caused by residues on the surface.

The above results suggest that removal of remaining motor fragments following
proteinase K treatment could further improve the regeneration efficiency. Therefore,
we included a short SDS incubation step (0.05-5%; 5 min), followed by proteinase
K treatment (1h at 37°C). We found that SDS inclusion after proteinase K improved
the regeneration of surfaces and at 5% SDS actin sliding velocity was fully
recovered (main paper and Fig. S3).
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Supporting Figures

Figure S1. Fluorescence micrographs showing rhodamine phalloidin labelled actin filaments on heavy meromyosin
coated trimethylchlorosilane derivatized glass surface: a) actin filament gliding on a control surface (before 0.05%
SDS incubation); b) non motile actin filaments on the surface after 0.05% SDS incubation for 2 min; ¢) non motile
actin filaments on the surface after 0.05% SDS incubation for 30 sec; d) actin gliding on the surface (0.05% SDS
incubation on a control surface before protein adsorption);

Figure S2: Efficiency of proteinase K alone in regenerating trimethylchlorosilane derivatized glass surfaces for use in
actomyosin in vitro motility assays. a) Actin sliding velocity (% of control) on the regenerated surfaces; N= number of
surfaces (in parentheses); In each individual experiment, 9-30 actin filaments were analyzed. Mean actin sliding
velocities on surfaces after proteinase K treatment are normalized to the mean actin sliding velocity of the same
surface before regeneration. Mean values from normalized actin sliding velocities (% of control) from all experiments
are plotted. b) Fraction of motile actin filaments (%) before and after the proteinase K treatments; N= number of image
areas (in parentheses) in the flow cell. ¢ & d) Fluorescence micrographs showing rhodamine phalloidin labelled actin
filaments on the same surface before (c) and after (d) the regeneration, respectively. e) Actin filament length (um)
distribution on the surfaces in 6 different experimental occasions before and after the regeneration. Data are given as

mean + 95 % confidence interval (95 % ClI).
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Figure S3: Efficiency of SDS (0-5%) inclusion after proteinase K (1h) treatment for regenerating trimethylchlorosilane
derivatized glass surfaces for use in the in vitro motility assay. a) Actin sliding velocity (% of control) on the
regenerated surfaces; N= number (in blue) of surfaces; In each individual experiment, 9-30 actin filaments were
analyzed. Mean actin sliding velocities on surfaces after proteinase K treatment are normalized to the mean actin
sliding velocities of the same surface before regeneration. Mean values from normalized actin sliding velocities (% of
control) from all experiments are plotted. b) Motile actin filaments (%) before and after the proteinase K and SDS
treatments; N= number (in blue) of image areas in the flow cell. Data are given as mean + 95 % confidence interval
(95 % ClI).

Figure S4. Efficiency of the optimized protocol (proteinase K incubation (200 pg/ml; 1h; 37°C) followed by SDS
treatment (5%; 5min; RT)) to recycle motility assay surfaces (glass) using the microtubule-kinesin 1 system. a & b)
Fluorescence micrographs showing microtubule gliding on a kinesin-1 coated glass surface: a) control and b) after
regeneration. Images are from maximum projections of 2 min time-lapse movies. Scale bar: 20um. c) Microtubule
gliding speeds (slow vs fast) on regenerated glass surfaces: The mean speeds for microtubules gliding at 27°C on
glass surfaces were evaluated before (control) and after regeneration (normal — without drying, 2" /3" cycle —
repeated regeneration on the same surface). The number of evaluated microtubules are stated above each box.
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Figure S5. Actin filament gliding on a heavy meromyosin coated TMCS derivatized SiO2 surface, where half of the
surface was covered by a motility inhibiting resist ARP: left-control and right-after recycling with proteinase K and 5%
SDS (ARP resist layer is undisturbed and inhibited motility). Images are from maximum projections of 19.7 sec time
lapse movies. Scale bar: 30um.

Figure S6. Efficiency of the optimized protocol (proteinase K incubation (200 pg/ml; 1h; 37°C) followed by Triton X100
treatment (0.05%; 5min; RT)) to recycle motility assay surfaces and surfaces with embedded nanostructure. Actin
sliding speed plotted against actin filament length for all analyzed filaments in all experiments in main Fig. 5a. a-b)
TMCS derivatized flat SiO2 surface before and after regeneration. c-d) TMCS derivatized nanostructured SiO2 surface
before and after regeneration.
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Supporting Tables

Table S1. Summary of different approaches to test recycling of TMCS derivatized glass surfaces.

SL Regeneration strategies Treatment/Incubation Result/observation

strategy

1 RIPA buffer 2 hincubation at RT Regeneration was not successful.
Actin filaments were floating in the
solution.

2 Tween 20 (0.1%) 2 hincubation at RT Regeneration was not successful.
Actin filaments were floating in the
solution.

3 10% 2 hincubation at RT White precipitation on the surface

4 1% 2 min incubation at RT Regeneration was not successful.
Actin filaments were stuck.

5 0.1% 2 min incubation at RT Regeneration was not successful.

SDs Actin filaments were stuck.

6 0.05% 2 min incubation at RT Regeneration was not successful.

Actin filaments were stuck.
0.05% 30 sec incubation at RT Regeneration was not successful.
Actin filaments were stuck.
0.05% 30 sec incubation at RT Actin gliding was similar to control
(Fraction of motile filaments were
(On a fresh surface 83.7 and 86.8 % respectively on
before protein surfaces without and with 0.05% SDS
adsorption) incubation before protein
adsorption)

7 Proteinase K 200 24 hincubation at 37°C Actin sliding velocity was 77.04% of

ug/ml the control

8 200 6 hincubation at 37°C Actin sliding velocity was 43.91 +/-

ug/ml 6.29% of the control
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9 200 3 hincubation at 37°C Actin sliding velocity was 41.77 +/-
ug/ml 0.4% of the control
10 200 1 hiincubation at 37°C Actin sliding velocity was 55.72 +/-
ug/ml 12.57% of the control
11 | Proteinase K & 200 1 hincubation at 37°C Actin sliding velocity was 46.15 +/-
ug/ml 4.29% of the control
SDS 0.05% 5 min at RT
12 | Proteinase K & 200 1 hincubation at 37°C Actin sliding velocity was 75.33 +/-
ug/ml 6.02% of the control
SDS 1% 5 min at RT
13 | Proteinase K& 200 1 hiincubation at 37°C Actin sliding velocity was fully
ug/ml restored
SDS 5% 5 min at RT
14 | Proteinase K & 200 1 h incubation at 37°C
pg/ml
Regeneration was not successful.
Actin filaments were floating in the
solution.
Tween 20 1% 5 min at RT
16 | Proteinase K& 200 1 hincubation at 37°C Actin sliding velocity was fully
ug/ml restored
Triton X100 0.05% 5 min at RT
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Table S2. Fraction of stuck microtubules in a motility assay before (control) and after surface regeneration (normal —
without drying, 2" /3" cycle — repeated regeneration on the same surface)

Fraction of stuck microtubules
Control 0.010
Normal 0.008
2M cycle 0.014
3% cycle 0.011
Dried before 0.013
Dried after 0.009
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Abstract

Nanotechnology devices using molecular motors typically use a combination of
chemical and physical confinement to define pathways or channels to guide filament
motion. Being able to change what pathways are available will allow the creation of
complex, programmable structures, within e.g., network-based biocomputation.
Here, we demonstrate a method to tune the motility in selective areas on a surface.
Specifically, we used the negative tone electron beam lithography resist poly-
glycidyl methacrylate (PGMA) as a polymer linker for the thermo-responsive
polymer poly(N-isopropylacrylamide) (PNIPAM) to physically block and un-block
molecular motors bound to a surface. We developed the processing parameters for
patterning PGMA on both flat surfaces and inside nanoscaled channels, enabling us
to selectively graft PNIPAM in specific regions. We were able to achieve successful
motility switching in selective areas on a flat surface, demonstrating the ability to
locally tune the paths for molecular motor propelled filaments. These results provide
a possibility for encoding switchable encodings in network-based bio-computation
and the ability to create versatile sensing devices with paths that can be switched on
and off.



Introduction

Directing and guiding the motion of nanomachines such as cytoskeletal motor
protein systems has enabled a multitude of nanotechnology applications'’. Motor
proteins convert chemical energy into mechanical work, propelling filamentous
proteins in a highly energy-efficient manner*®®. These motor systems can be
isolated from the living cell and adsorbed onto a surface with maintained function
in the in vitro motility assay'®". Recently, the two motor-systems, namely actin-
myosin II and microtubule-kinesin 1, were used to provide a proof of concept of
network-based biocomputation (NBC) using biomolecular motors*. NBC is a
parallel computation technique where a mathematical problem is encoded into a
network of channels and junctions. Each pathway represents a different solution,
which can be explored by filamentous agents propelled by molecular motors bound
to the surface. A limitation of existing NBC devices® is the fact that one network
hard-encodes one specific instance of a problem, without the ability to program the
encoding. The ability to change what pathways are available will enable
programmable networks allowing dynamic encodings. These programmable gating
mechanisms could be created by switching the motility of filamentous agents in
selective areas.

Tunable motility can e.g., be achieved by changing the amount of motor-fuel (ATP)
present'* or by applying an electric field across a junction, steering the motion of
filaments by interacting with the leading tip'*. More locally switchable motility can
be achieved by using the thermo-responsive polymer poly(N-isopropylacrylamide)
PNIPAM'®'"| where the motors are physically blocked and unblocked. At low
temperatures, below a lower critical solution temperature (LCST), PNIPAM is
soluble in aqueous solution and the polymer chain resides in an extended form'® (see
Figure 1). This blocks the motors on the surface and prevents filaments from
binding and being propelled. If the temperature is raised above the LCST, which for
PNIPAM is around 30-35°C", the polymer undergoes a conformational change and
aggregates into a collapsed, insoluble globule which exposes the molecular motors,
re-enabling filament propulsion.

Figure 1. Schematic illustrations of PNIPAM above and below the lower critical solution temperature (LCST). At
temperatures below the LCST, the PNIPAM polymer resides in an extended form, blocking the molecular motors and
inhibit motility (OFF state). At temperatures above the LCST, the PNIPAM polymer collapses, exposing the molecular
motors, enabling motility (ON state).



In the first experiments demonstrating the ability to turn microtubule-kinesin
motility on and off'®!’, the entire surface was covered with PNIPAM, grafted onto
a polymer linker, poly-glycidyl methacrylate (PGMA). The ability to switch
motility along pre-defined pathways was demonstrated by Schroeder et al.'’, who
chemically confined the motor system onto Au tracks that could be selectively
heated. However, because these tracks lacked the physical walls usually employed
in molecular motor devices** %, the ability to guide filaments was limited. An aim
is thus, to combine the ability to switch molecular motor motility inside physical
channels. In other words, the challenge is to create guiding channels (optimally
below a width of below 1 um)*, with PNIPAM coated locally on channel floors.

Here we present a method of selectively grafting PNIPAM in local areas, enabling
switching in specific regions only, by using the PGMA polymer as a negative tone
electron beam lithography resist**. We present the necessary processing parameters
for PGMA on both flat surfaces and inside channel structures and demonstrate
successful motility switching in selective areas on flat surfaces.

Experimental

Device preparation

Samples for examining local PNIPAM grafting on PGMA patches were fabricated
on 10x10 mm Si(100) chips with a 30 nm layer of SiO, deposited by atomic layer
deposition. The samples were spin-coated a layer 1.6% PGMA (Polymer Source
Inc., Quebec, Canada) dissolved in Anisole (VWR AB, Lund, Sweden) and 98x98
um? squares were patterned by electron beam lithography (Raith150, Raith GmbH)
at a 20 kV acceleration voltage using dose 10 pC/cm? to cross-link the polymer. The
samples were developed in methyl ethyl ketone for 2 min, rinsed in isopropanol and
dried in N»-gas. After exposure and development, a 7 nm residual layer of PGMA
remained in the non-exposed areas which could not be removed by longer
development but only by oxygen plasma treatment (Plasma Preen, Plasmatic
Systems Inc.). After PNIPAM grafting (see below), we performed in vitro motility
assay (IVMA) experiments on these samples (see also below).

Samples for examining the processing parameters of PGMA in 500 nm and 2 pm
channels were fabricated on 6” Si(100) wafers. A 100 nm SiO; diffusion barrier was
thermally oxidised with 3% HCI, followed by sputtering a 100 nm Au layer between
two 10 nm Cr adhesion layers. A ~500 nm SiO; layer for the channel structures was
deposited by plasma enhanced chemical vapour deposition at 300°C and a 10 nm
Cr hard mask was sputtered ontop. Finally, a 400 nm layer of poly(methyl
methacrylate) resist (AR-P 679.04, AllResist GmbH, Strausberg, Germany) was
spin-coated and baked at 180°C for 5 min. The channels were patterned by electron
beam lithography (Vistec SB254, Vistec GmbH) at kV using dose 650 pC/cm?” and



developed for 60 s in a mixture of methyl isobutyl ketone and isopropanol (1:3),
rinsed in isopropanol followed by deionised water and dried in an oven. The channel
structures were etched through the Cr layer by reactive ion etching (FHR MS-200-
2-AFE) using a mixture of Cl, (100 sccm) and O; (30 sccm) for 150 s and then etched
into the thick SiO by inductively coupled plasma reactive ion etching (Oxford
Plasmalab System 100, Oxford Instruments) using a mixture of CHF; (19 sccm) and
C4Fs (18 sccm) for ~3 min. The remaining Cr hard mask and Cr on the channel floor
removed by dry-etching in oxygen plasma (R3T STP 2020, Muegge), leaving SiO»
channel walls with Au channel floors. The samples were spin-coated a layer of 1%
and 6% PGMA at 4000 rpm. PGMA (1%) patterns were defined by EBL (Voyager,
Raith GmbH) at 50 kV using dose 12 pC/cm?* and developed as described above.
The resulting thickness of the PGMA on the flat surface and inside the channels was
measured by AFM.

Samples for examining the etch rate of PGMA were fabricated on 10x10 mm Si
(100) chips and spin-coated a layer of PGMA 1% at 4000 rpm. The samples were
etched in oxygen plasma (Moorfield nanoETCH, Moorfield Nanotechnology Ltd)
at 15 W for various times, t = 30-90 s. The remaining thickness was measured by
AFM.

Atomic force microscope measurements

The PGMA thickness in different channel widths and in scratches on flat surfaces
was measured by atomic force microscopy (Bruker ICON, Bruker Co). The scans
were obtained in tapping mode using a high aspect ratio (5:1) tip (TESPA-HAR 42
N/m, 320 kHz, Aluminium Reflective Coating). The scans were analysed in
Gwyddion (GNU GPL developed by the Czech Metrology Institute).

PNIPAM grafting

COOH-terminated PNIPAM was grafted to the developed PGMA at elevated
temperatures. Depending on the PGMA thickness, optimal grafting densities were
usually achieved at 140-180°C. PNIPAM was dissolved at a concentration of 1 %
(w/v) in chloroform. The surface of the chips was then completely covered with a
droplet of the PNIPAM solution. After the chloroform evaporated, the chip was
mounted overlapping two Peltier elements which were held at a temperature of
140°C and 180°C, respectively (Figure 4A). This assembly was placed in a
desiccator and incubated for 1 h at 50-100 mbar pressure. Afterwards, the sample
was rinsed with 70°C chloroform to remove unbound PNIPAM.

Motility assay and data collection

IVMA experiments were performed in flow cells made on glass coverslips (Menzel,
18x18 mm?). Two pieces of Parafilm were stretched out and placed on the structured
side of the chips which in turn, were placed (face down) on the glass slide. The



entire flow cell was heated on a hot plate at 50°C while gently pressing on the chip
to seal the sides with parafilm. The flow cells were incubated with a casein-
containing solution (0.5 mg ml—1) in BRB80 for 5 min, followed by 10 min
incubation with 5 pl of kinesin solution (4 nM full-length kinesin from Drosophila,
expressed and purified as previously described®’. Next, a solution (1 mM ATP, 20
mM D-glucose, 20 ug ml—1 glucose oxidase, 10 ug ml—1 catalase, 10 mM DTT,
10 uM taxol in BRB80) with rhodamine-labelled, taxol-stabilized microtubules
(from porcine brain, prepared as previously described*® was added.

To image the fluorescently labelled microtubules we used an Axiovert 200M
inverted optical microscope (Zeiss) with a Tetra methyl Rhodamine Iso-
Thiocyanate filter set (Chroma Technology; Ex 535/50, DM 565, BA 610/75) and
a Zeiss 40x 0.95 NA apochromat objective. The data was recorded at 0.5 frames/s
(exposure time 100 ms) by an EMCCD camera (iXon+tEMCCD, DU-897E, Andor)
using the Metamorph imaging software (Universal Imaging Corp.).

Results and discussion

PGMA processing in nanochannels

The thickness of PGMA diluted in Anisole to 1% and 6%, was measured with AFM
by scanning across a scratch made on a flat surface spin-coated with PGMA. The
PGMA 1% was ~15 nm thick, while the PGMA 6% created a much thicker ~146
nm layer (Figure 2a and b). To prevent the filaments from encountering a large step
in switchable areas, we wanted the PGMA to be as thin as possible. To examine
how the two PGMA concentrations deposit inside channel structures we also
measured the channel height before and after PGMA deposition (Figure 2¢ and d).
On the structured samples, we observed a larger accumulation inside the channels
for the higher concentration of PGMA 6%. In the narrower, 500 nm channels, the
PGMA 6% was approximately 249 nm (measured channel width before PGMA
deposition (532 nm) subtracted by the measured channel height after PGMA
deposition (283 nm)) and approximately 126 nm. We also observed some
accumulation of the thinner PGMA 1% inside the narrower channels (57 nm PGMA
in 500 nm channels), but not inside the wider channels (13 nm PGMA in 2 pm
channels). The exact thickness is, however, difficult to measure inside the channel
structures due to possible AFM tip broadening effects. Nonetheless, the lower
concentration PGMA 1% is preferred over the thicker 6% PGMA due to
accumulation.



Figure 2. AFM profile scans of a) PGMA 1% and b) 6% across a scratch made on a flat surface to measure the
PGMA film thickness. The spin-thickness inside a) 500 nm wide channels and b) 2 ym wide channels were also
measured for both PGMA 1% and PGMA 6%. The PGMA 6% accumulated in both channel widths, more in the
narrower channel. The PGMA 1% deposited seemingly uniform inside the wider channel but showed some
accumulation inside the narrower channel. Each scan profile is 50 px wide.

The guiding of microtubules is very dependent on the channel width, both in terms
of filament flexibility**?”** and depending on the microtubule-wall interaction**?*,
where narrower channels improve the overall guiding”®. To examine the
processing parameters in a computational device with narrow channels (300 nm) we
created a network encoding the subset sum problem, which in principle would
switch between two number encodings (2, 3, 7) and (5, 7). The network design is
seen in Figure 3a, as well as the areas patterned with PGMA (marked in green on
the purple junctions seen in the insets). Figure 3bc shows an AFM of the PGMA
thickness inside a test structure made with the same channel width as in the network.
The measured PGMA thickness after EBL patterning in these 300 nm wide channels
is ~27 nm which is slightly lower than in un-patterned PGMA in the 500 nm wide
channels (Figure 2c¢). It should be pointed out that the thickness is calculated from
the height difference between patterned and un-patterned area. The enhanced



proximity increased the size of the pattern together with an extra residual film
formed (7-8 nm) on both structured and unstructured SiO,, although other excess,
un-exposed PGMA was removed during development. By considering the residual
layer on the flat surface and clean channel depth 519 nm (before processing), the
PGMA thickness is ~35 nm ((519+8)-492 = 35). The PGMA thickness can be
further reduced by oxygen plasma treatment., and is a necessity to remove the
residual un-exposed PGMA to prevent PNIPAM grafting across the entire surface.

Figure 3. a) Network design for the subset sum problem network that would encode the number set (2, 3, 7) before
switching and the number set (5, 7) after switching. The insets show how the PGMA/PNIPAM patches will change the
possible pathways available to the filaments. b) AFM profile plot of the AFM scan in ¢) showing the PGMA (marked
between white dashed lines) thickness inside a 300 nm wide channel.



Local switching on PGMA patches

The local switching of motility was examined on 98x98 um? patches of PGMA
grafted with PNIPAM. The PNIPAM grafting density is crucial for successful
switching. The grafting density can be controlled by the temperature at which the
grafting reaction occurs. Therefore, we constructed a temperature gradient stage
(see Figure 4A) which allowed us to test a whole range of grafting temperatures on
one sample, significantly reducing the load on sample manufacturing and improving
the efficiency of protocol optimization. We found successful motility switching at
two different grafting temperatures, 140°C and 143°C. The fluorescence
micrographs in Figure 4BC show how motility is first inhibited when the
temperature is below the LCST (25°C, PNIPAM polymers are expected to be in
their extended form), while in Figure 4DE when the temperature is above the LCST
(35°C, when PNIPAM is expected to collapse) the filaments can move across the
entire surface. The PNIPAM grafting temperature is known to affect density'®. If
the density is too low, the motors will still be able to bind and propel filaments even
when the PNIPAM is extended. However, if the PNIPAM density is too high, no
motors will be able to bind to the surface and instead, the motility will be completely
inhibited. A noticeable difference in Figure 4 is that at the lower PNIPAM grafting
temperature (140°C) seems to not be dense enough to completely block the motility
as a few microtubules still appear in focus on the PGMA patch (although to a smaller
extent than above the LCST). At the higher grafting temperature (143°C) however,
slightly fewer microtubules are transported across the PGMA patch when T >
LCST, indicating that the PNIPAM density might be slightly too high and could be
tuned further.



Figure 4. Local PNIPAM grafting. A) Sample layout and illustration of 140°C-180°C heat gradient used for PNIPAM
grafting. B) The maximum projections of 85s long fluorescence micrograph corresponding to a PNIPAM grafting
temperature of 140°C and C) 143°C. The effect of the extended PNIPAM repelling microtubules at D) T < LCST
(25°C) and the collapsed PNIPAM permitting gliding at E) T > LCST is indicated by the lack- or presence of straight
fluorescence traces on the PNIPAM patches. The scalebar is 20 um in all images.

Conclusion

We describe a method for processing and patterning the negative tone polymer resist
PGMA by electron beam lithography. By patterning PGMA we were able to
demonstrate motility switching of the microtubule-kinesin system in local areas on
patches grafted with PNIPAM. If implemented into computational devices,
switchable motility could be used to program encodings to create versatile NBC
problems. Furthermore, local control of motility could also be useful within



biosensing applications to tune the pathway of target analytes transported by
molecular motors. Studies have shown™ that the conformational changes of
PNIPAM can also cause a change in the surface energy as measured by the water
contact angle (WCA). Below the LCST, the WCA can be as low as 30°, while above
the LCST the WCA can be tuned to up to ~90°. The slightly longer motor system
heavy meromyosin II with a surface-to-filament distance ~38 nm*', is very sensitive
to changes in the water contact angle’>*. Therefore, gating methods based on
PNIPAM could potentially also be applied to other motor systems where motility
switching could be achieved by switching the chemical property of the surface at
the locations shown in Figure 3a (green) instead of by physically blocking the
motors.
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UNIVERSITY

There is a broad range of applications for multivariable, combinatorial problems
such as electronic circuit optimisation, drug development, cryptography and
route optimisation, just to mention a few. These problems are very challenging
to solve in a sequential manner, and instead, parallel computation methods
become a necessity.

This thesis describes the development of several techniques used to expand the
capabilities of parallel computation with molecular motors: how problems are
encoded, the physical and chemical requirements and different architectural
elements to optimise the system.
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