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Introduction

This thesis is dedicated to the development of nanoscale tools to facilitate research in the
field of single-molecule biophysics, using a combination of nanoscale optics, fabrication, and
surface functionalization. This allows enhanced access to the features of biological molecules
at the nanoscale, in particular molecular machines, at the corresponding timescales. Here,
the framework and context of the research themes presented in this thesis are described. The
main research project consists of the development of optically trappable and rotatable
single-crystal rutile TiOz nanoparticle probes for accurate measurement and manipulation
of force and torque of single biomolecules such as nucleic acids and proteins. A secondary
research project is development of nanopatterned and chemically functionalized glass
coverslips for an improved microfluidics platform to investigate individual protein-DNA
interactions using high-throughput fluorescence microscopy. In this chapter, the research
field of biophysics is introduced, followed by an overview showing how novel developments
in single-molecule instrumentation have provided innovative methodologies to study
biomolecules and biological motors. Then, the contents of this thesis are summarized in a
concise mannetr.



2 Chapter 1

1.1. Single-molecule biophysics

Only within a half-century, there has been an exponential growth in the understanding of life
by human beings, for example, from discovery of DNA structure in 1953 1 to the sequencing
of an entire human genome in 2003 2. The discovery of nucleic acids (i.e, DNA and RNA) as
the information carriers in all forms of life, has played a crucial role. Such discovery was
partially inspired by the pioneering work of Erwin Schrédinger, a physicist who tried to
answer the long-standing question of humankind - "What is life?" - from the viewpoint of
physics 3. For example, his work influenced Watson, Crick, Wilkins, and Franklin, the main
contributors to the discovery of the double-helical structure of DNA, alandmark finding from
which the field of molecular biology developed * Needless to say, this, and all other following
key biological discoveries are indebted to the precise understanding of (bio)molecules and
their chemical interactions based on the atomic and quantum theories in physics established
at the early 20t century. The advent of modern biology therefore can be viewed as the
outcome of a continuous process of interaction between biology, chemistry, and physics,
exhibiting an interdisciplinary nature.

For the past decades, there have been efforts to understand biology in a more
quantitative manner, as opposed to descriptions of a more qualitative nature. Such efforts
have included investigations of behavior at the single-cell or single-molecule level, as
opposed to the averaged behavior that necessarily derives from bulk observations. This
trend has been possible through the active incorporation of tools and concepts from physics
5, which have led to the development and application of diverse novel approaches such as
atomic force microscopy (AFM) ¢, single-molecule fluorescence resonance energy transfer
(smFRET) 7, super-resolution microscopy & °, cryo-electron microscopy (cryo-EM) 10 11,
optical tweezers (OT) 1213, and magnetic tweezers (MT) 1. The large impact of these novel
techniques has also been widely recognized by the Nobel prizes awarded, e.g., AFM in 1986,
super-resolution microscopy in 2014, and optical tweezers in 2018. This approach is
collectively recognized as "biophysics" and has been growing rapidly. Within this line of
research, the ability to manipulate and observe single (bio)molecules has achieved many
important discoveries and expanded our understandings of life. Such findings have
complemented, and hence also enhanced, the discoveries made via standard ensemble
techniques in which precise molecular mechanisms are obscured by the collective behavior
of numerous biomolecules 15.

Single-molecule methodologies can address three broad categories of research: i)
physical properties of single biomolecules themselves, ii) dynamics of interactions between
different biomolecules, and iii) working mechanism of sophisticated linear and rotary bio-
motors. The first category has revealed interesting mechanics and spatiotemporal behaviors
of the basic building blocks of life, including stretching/twisting of single nucleic acid
molecules 1619 and folding/unfolding of single proteins 20 21, The efforts in the second
category have been answering about questions for how diverse building blocks of life interact
to maintain the key cellular processes within the frame of the central dogma of biology %2, i.e,,
transcription, translation, and replication. They include, for example, the base-pair stepping



dynamics of RNA polymerase 23, DNA coiling by topoisomerase 24 DNA homologous
recombination 25, ClpXP-mediated protein unfolding 26, target search of RNA-guided
endonuclease 27, and DNA loop extrusion by condensin 28. Research in the third category has
elucidated the functioning of many sorts of sophisticated biological nano-machines that are
strikingly similar yet very different to the machines made by modern technology of
humankind, for example, the linear motion of motor proteins such as myosin 2, the rotary
motion of large protein complexes including Fi1-ATPase 3°, and the Escherichia coli (E. coli)
bacterial flagellar motor 31. These discoveries could have not been possible without using the
single-molecule instruments which are specifically designed for each target biological system
under investigation, as detailed in the following section.

1.2. Single-molecule instrumentation

The focus of single-molecule biophysics lies in elucidating the diverse biological processes
that occur inside cells, either in vivo or in vitro. To study the behavior of sophisticated
biological nanomachines including genome processing proteins and molecular motors, it is
required to use appropriate tools to access features ranging from sizes of small biomolecules
(~nm) to cells (~pm) 32. Simultaneously, in this size regime, the temporal scale of biological
processes spans from catalytic rates of fast enzymes (from ~ns to ~ps) 33 to folding times of
large proteins (~s) 34, necessitating the comparable temporal resolutions for such tools.
These requirements are order(s)-of-magnitude smaller for length scales and faster for time
scales than those of daily equipment such as rulers (~mm) and clocks (~s).

Fortunately, the achievements in scientific research and technological development
over the last century have allowed the design of such instruments. For example, the discovery
of photo-electron effect in quantum physics spurred the development of photodetectors, and
in combination with advanced microelectronics and computers, modern fast photo-diodes
can record signals with bandwidths ranging from kHz to GHz, suitable for recording the fast
dynamics of single molecules. There exist many more such examples including the fast
charge-coupled device (CCD) or complementary metal-oxide-semiconductor (CMOS)
cameras, piezo-driven high-precision translational stages, stable high-power lasers with
different wavelengths, and improved optics such as high numerical aperture (NA) objective
lens for improved imaging and optical trapping. Moreover, methodologies for more precise
characterizations of instrumental measurement precision and temporal resolution have
been developed, e.g., power spectral density 35 and Allan deviation analysis 3.

The most commonly employed single-molecule techniques can be broadly classified
as the following: i) tweezers techniques that allow detection and manipulation of force and
torque in biomolecules, thereby functioning as sensors and actuators. This classification
includes optical tweezers (OT), optical torque wrench (OTW) 37, atomic force microscopy
(AFM), magnetic tweezers (MT), (electro-)magnetic torque tweezers (MTT) 38 39, acoustic
force spectroscopy (AFS) 40, and centrifugal force microscopy (CFM) 4. Notably, the
development of techniques such as OTW and MTT that enable measurements of torque and
rotation are relatively recent compared to other force-based techniques and require further
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development for their wide-spread use. In particular, MT, MTT, AFS, and CFM are developed
for high throughput measurement capacity, which remains a limitation for OT, OTW, and
AFM; ii) imaging techniques which allow spatial observation of biological structures or
biomolecular interactions, including conventional fluorescence microscopy #2, single-
molecule fluorescence resonance energy transfer (SmFRET), super-resolution microscopy,
and cryogenic electron microscopy (cryo-EM). Particularly, the fluorescence-based
techniques are advantageous in the aspect that different biomolecules can be readily
distinguished by using diverse dyes; iii) hybrid techniques which combine the functionalities
of both tweezing and imaging, such as OT combined with fluorescence microscopy 43,
hydrodynamic force-based trapping and stretching 44, and DNA nanocurtains 4546, These are
capable of direct visualization of biomolecules, however, only DNA nanocurtains allow for
high-throughput measurement at the expense of the precision in force control (force is
applied to many biomolecules simultaneously in a less controlled manner, mostly through
hydrodynamic drag in flowing buffer).

For implementation of single-molecule instrumentation, key enabling scientific
principles and technologies include optics, fabrication, and surface functionalization at the
nanoscale, especially for the instruments studied in this thesis, i.e, the OTW and DNA
nanocurtains. The principles of nano-optics provides a versatile, relatively non-invasive
means to manipulate and observe biomolecules. In both OT and OTW, a tightly focused laser
beam of near-infrared wavelength (typically 1064 nm) allows contact-free application of
force and torque on nanoparticles linked to biomolecules in aqueous solutions, while
minimizing photodamage and attendant heating 47 due to relatively little absorption by water.
In the OTW, torque application is enabled by controlling nanoscale angular momentum
transfer through sophisticated management of trapping beam polarization status. In the case
of imaging techniques, fluorescence imaging of single biomolecules labeled with different
dyes 48 or nanoparticles #° that emit in the visible wavelength regime allows for real-time
observation of biomolecule dynamics and interactions. Diverse optical layouts have been
devised to enhance imaging under particular conditions. For example, in total internal
reflection fluorescence (TIRF) microscopy 5, an evanescent wave generated by total internal
reflection allows a very limited excitation volume that permits higher signal-to-noise ratio
which is advantageous in single-molecule studies using DNA nanocurtains or smFRET.
Another such example is two-photon fluorescence microscopy (TPM) 51, in which a non-
linear optical effect is exploited to enable high-resolution imaging within a highly scattering
medium such as deep tissue and brain. Also, various super-resolution microscopy techniques
overcome the light diffraction barrier of the conventional microscopy and provide
unprecedented resolutions in optical imaging °. Overall, all these optical phenomena have
been devised, characterized, and applied in the frame of nano-optics 52. Notably, nanoscale
light-matter interactions can be analytically complex, or defy analytical solution entirely, and
hence numerical modeling can help to better understand and estimate such phenomena. For
example, numerical calculations have aided in estimating the optical trapping behaviors of
rutile TiOz nanoparticles in this thesis.



Nanofabrication processes make it possible to access the size scale ranging from
nanometers to microns, which overlaps with the scale observed in biology, i.e., from simple
molecules to cells. For different target applications, specifically designed micro- and
nanoscale features, e.g., shapes, dimensions, and material properties, can be realized through
nanofabrication. Particularly in optical trapping-based techniques, nanofabricated dielectric
or metallic particles can serve as nanoscale probes for the investigation of single molecules
44,53,54 cells 5556, or local environments such as the surrounding medium 57.58 or the substrate
surface 9. It is noteworthy that specific nanoparticles with well-controlled anisotropicity (in
either shape or material) are required to apply and detect torques. Meanwhile,
nanostructure arrays fabricated on the surface of glass, polymer, or semiconductor
substrates, can provide alternative experimental platforms to investigate single
biomolecules 27 and cells ¢° in imaging-based techniques exemplified by DNA nanocurtains,
DNA microarrays 6%, and nanopillar arrays 2. Nanofabrication is also indispensable for other
single-molecule techniques that do not directly rely on optical principles, e.g., extremely
sharp tips (radius of curvature < 10 nm) on micro-cantilevers of AFM and miniaturized piezo
elements of AFS.

Surface functionalization can function as a glue between biomolecules and the
surface of nanofabricated particles or structures for sensing and manipulation. In OT and
OTW, single biomolecules are too small to be stably trapped and manipulated as they are.
Therefore, their trapping becomes possible in an indirect manner by attaching "handles" (i.e.,
larger micro- or nanoscale particles suitable for trapping) to them. As an example, the surface
of oxide particles (e.g, SiOz or TiOz) can be functionalized with silane linkers to attach diverse
biomolecules such as DNA strands or proteins through chemically stable bonds 63.
Importantly, there should be at least two or more attachment points at the interface of a
handle and a single-molecule to form a torsionally constrained linkage that allows for
application of torques. In case of DNA nanocurtains, single DNA molecules need to be also
confined on the surface of a glass substrate to be imaged by TIRF microscopy. For this
purpose, the glass substrate is coated by a supported lipid bilayer while a small fraction of
lipids are linked to single DNA molecules. Such two-dimensionally confined DNA molecules
can be eventually immobilized at desired positions by attaching them to nanofabricated gold
structures via thiol-based chemistry. For reliable experimentation, itis also frequently crucial
to perform surface passivation, in which surfaces are additionally treated to prevent aspecific
attachment of biomolecules or undesirable aggregation of nanoparticles. It is noteworthy
that nanofabrication processes should be adapted or optimized for each
nanoparticle/nanostructure-coating strategy to provide both clean and compatible surfaces
to the chemicals used during functionalization.

1.3. Guide to the contents of thesis

The major achievement of this thesis has been to extend the physical limits of the application
and measurement of torque and rotation using the OTW. The motivation for this
development is to push the limit of torque spectroscopy and enable measurements on
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biomolecules and biomotors that were not feasible with the previously existing techniques.
One direction of this development is to enable the measurements of biomolecules in the
regime of rapid (milliseconds-to-seconds) and subtle modulation of torque (~1 pN-nm) and
angle (~1°) that is crucial in plenty of cellular processes 5364, The other development goal is
to substantially expand the accessible torque-speed space, facilitating the measurement of
extremely high torque (1-10 nN-nm) and rotational frequency (1-10 kHz) that are
characteristics of diverse important biological rotary motors 5. Based on the examination of
diverse candidate materials considering these development goals, the use of single-crystal
rutile TiOz nanocylinders has been suggested in this thesis, as a nearly ideal material for an
advanced optical angular probe. Single-crystal rutile TiOz is a material with which the optical
trapping community is less familiar, despite its multiple tremendous advantages. This lack of
familiarity can be understood from the challenges inherent in rutile TiO2 particle production
and trapping that are addressed in this thesis.

Another achievement presented in this thesis has been to develop an optimized
DNA nanocurtain platform. It is designated in this thesis with a more descriptive term,
stretched and oriented DNA arrays (SODA), as DNA molecules are stretched by buffer flow,
oriented with respect to their sequence, and precisely aligned along the gold nanostructure
arrays. The significance of using SODA lies in their capacities for multiplexing and direct
visualization of biomolecule locations, which complements other low-throughput and
indirect-detection techniques including OT and OTW. The specific aim of this optimization is
to elucidate the detailed dynamics of diverse protein complexes working on nucleic acids
such as the eukaryotic replisome. In addition, technical advances in device fabrication and
coupling with magnetic tweezers are explored.

Leading up to these achievement, Chapter 2 provides details of instrumentation,
calibration, and numerical modeling for OTW, and an overview of nanofabrication and
surface functionalization processes that are applied throughout this thesis. From Chapter 3
to Chapter 5, the results from the development of a novel torque probe for OTW are
presented. Chapter 3 describes the solutions to rutile TiO2 nanoparticle production issues,
i.e,, tunable top-down nanofabrication and highly-efficient surface functionalization. These
developments allow reproducible production of rutile TiO2 particles with desired shapes and
dimensions with high structural uniformity and permit reliable attachment of diverse
(bio)molecules. Chapter 4 details the requirements for the shape and dimensions of rutile
TiO2 nanoparticles for stable three-dimensional optical trapping and maximized optical
torque transfer. The results are experimentally verified by the characterization of linear and
angular trapping of differently sized rutile TiOz nanocylinders, and additional verifications
are given by numerical calculations. In addition, the achievable measurement precision of
physical quantities (i.e., force, torque, position, and angle) and temporal resolution are
assessed with Allan deviation analysis as a function of signal averaging time. In Chapter 5,
the angular precision and temporal resolution achieved in the OTW setup are compared with
those of (electro)magnetic torque tweezers, together with an extended explanation on the
validity of Allan deviation analysis in torque spectroscopy. The presented results from the
thorough investigation of rutile TiOz nanoparticles, starting from its production carried
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through to its utilization, will pave the way to a more wide-spread use of this probe material
and facilitate further development of optical torque spectroscopy in single-molecule
biophysics.

In Chapter 6, the development of SODA is presented. A fabrication process with
higher flexibility in device design is demonstrated, in which maskless lithography techniques
are employed for both gold nanostructures and Si molds for microfluidic channels. In
addition, a protocol to render SODA compatible with magnetic tweezers is suggested. The
applied surface coatings including supported lipid bilayers function as expected, and the size
of gold nanobarriers is also optimized to confine single DNA strands with a high probability.
With this optimally-sized gold nanostructures, a proof-of-concept experiments and data
analysis are performed on nucleoprotein filament formation dynamics of Rad51 DNA
binding proteins. These proven approaches to obtain integrated and functioning SODA
devices are expected to be further developed and extensively utilized as a complementary
tool to investigate single-molecule behaviors.

Finally, Chapter 7 provides the conclusion of this thesis, and the recommendations
and preliminary experimental results with respect to future developments. I am convinced
that this overview of my research and accomplishments in developments of single-molecule
instrumentation provides practical information and guidelines for the readers from the same
or other disciplines. Thereby it will inspire all to continue to look at the "bottom", because
indeed there is still "plenty of room" there, nearly sixty years after the original suggestion to
do so was made by visionary physicist Richard Feynman in 1959 66,
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Optical Torque Wrench,
Nanofabrication, and
Surface Functionalization

This chapter provides an overview for setup and calibration of optical torque wrench
(OTW), nanofabrication processes, and surface functionalization strategies, which are
the fundamentals for the subsequent chapters. First, details of OTW instrumentation is
provided, including the physical principles, instrumental design, calibration of trapped
particles, and numerical modeling of particle trapping behaviors, as they form a basis
of the developments presented in Chapters 3-5. The wide-spread use of the
conventional optical force spectroscopy has been facilitated by the existence of
commercially available standard optical probes, i.e., polystyrene or silica microspheres,
that are homogeneous in composition, highly uniform in geometry, and versatile in
surface coatings. However, no such particles are available for OTW yet. Hence, further
developments of the fabrication and surface functionalization of OTW probes are
important and a promising approach is offered by a top-down process developed in this
thesis (Chapter 3). For this top down approach, lithography and etching processes are
crucial and hence introduced here . These techniques are also utilized for the fabrication
of gold nanostructures and silicon molds with microfluidic channels for protein-DNA
interaction studies in Chapter 6. In addition, an introduction to the general surface
functionalization methodology is provided as such approaches are applied to attach
single biomolecules to nanoparticles or nanostructures in this thesis (Chapter 3 and
Chapter 6).
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2.1. Optical torque wrench

The optical torque wrench (OTW) allows control of torque and angle, in addition to
force and position. It is an extension of the conventional optical tweezers (OT) in which
only force and position can be controlled. However, the wide-spread use of OTW has
been hampered by its higher complexity in experimental setup, birefringent probe
particle preparation, trap calibration, and theoretical modeling, which are discussed in
this section. The substantially enhanced force and torque achieved with single-crystal
rutile TiOz nanocylinders in this thesis require several modifications of the trap
calibration methods, which are developed for the conventional angular probes, e.g.,
quartz SiO2. Also, the cylindrical geometry and the optical anisotropy require numerical
approaches rather than analytical ones for precise estimation of the optical and
hydrodynamic properties of rutile TiOz nanocylinders, unlike the conventional
isotropic spherical particles for which analytical solutions are available.

2.1.1. Optical angular momentum transfer

The physical principle behind OTW operation is based on the light-matter interaction,
more precisely, the linear and angular momentum transfer from photons to a particle.
The transfer of linear optical momentum to the particle enables optical trapping by
generating field gradient force, and the same principle is used in OT. For application of
torque on the trapped particle, angular momentum transfer is utilized. Historically, the
existence of the linear momentum (i.e., electromagnetic radiation pressure) of light was
predicted by Johannes Kepler in early 17t century . However, only at the beginning of
the 20t century, the linear momentum was mathematically formulated by John H.
Poynting 23, and the experimental proof was given by Pyotr Lebedev, Ernest F. Nichols,
and Gordon F. Hull 4 5. For the light angular momentum, John H. Poynting expected its
existence in 1909 ¢, and Richard Beth experimentally verified it in 1936 using circularly
polarized light and a quartz plate held by a thin wire ©.

Since the invention of laser in 1960 7 and the subsequent first demonstration
of the laser-based optical trapping in 1970 8, the optical angular momentum transfer
started to be investigated with higher precision using OT platforms %10 and led to the
development of OTW 11 12, These research were mainly based on spin angular
momentum (SAM) of light (in either linearly or circularly polarized beam), while orbital
angular momentum (OAM) of light was discovered only later in 1992 by Les Allen and
others 13. Although both SAM and OAM can be utilized to exert torques, the OTW setup
utilized in this thesis employs SAM. The advantages of using SAM include: i) more
straightforward control and measurement of torque; and ii) the convenience of directly
using the conventional laser output mode (linearly polarized TEMoo beam) without the
need of a complicated mode conversion (e.g., to Laguerre-Gaussian beam).
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2.1.2. Configuration of the OTW setup

The details of the configuration of the OTW setup utilized for the research in this thesis
(Chapters 3-5) are presented in this section (Fig. 2.1). The basic elements of the OTW
setup are almost identical to those of the conventional optical tweezers systems, to
allow for application of light gradient force to stably trap particles. However, the major
difference from the conventional optical tweezers lies in the addition of various
polarization optics for precise manipulation and detection of light polarization states 14,
including electro-optic modulator (EOM), waveplates, and polarizing beam splitter
(PBS).

The first part of the beam path is for conditioning the laser beam regarding
power and beam size. A diode-pumped solid-state laser (1064 nm-wavelength,
continuous wave, TEMoo) is coupled with an optical isolator (ISO) to prevent possible
damage to the laser head in case of any intense backscattering events. The laser power
is controlled using a combination of a half-wave plate (HWP) and a PBS. The unused
portion of the laser power (i.e., the beam reflected by the PBS) is dissipated by a beam
block (BB). A beam shutter is installed to block the laser beam when necessary. Then, a
reducing telescope (~1:4) is used to obtain a reduced beam diameter which is small
enough to pass the given size of the apertures of the acousto-optic modulator (AOM)
and EOM. The AOM and a photodiode (PD) consist a feedback loop which stabilizes
intensity fluctuation of the laser beam. An iris is installed after the AOM, to select only
the Oth order output beam from the AOM. The advantages of using 0t order AOM output
instead of 1st order are: i) less power is required for the radio frequency (RF) signal that
drives the AOM, resulting in a reduction of heating that might induce a larger drift in
the setup; ii) the setup can be operated with turned-off AOM when necessary, e.g., for
optical beam path alignment.

The next part of the beam path is added for polarization control. A Glan laser
polarizer (GLP) is used to further purify the polarization states and increase the
extinction ratio (1:10°) between p- and s- polarization components. An HWP is placed
at the input of EOM for alignment purpose, to slightly rotate the input linear
polarization direction and therefore exactly matching the required m/4 offset angle
from the fast axis of the EOM crystal. Another HWP is placed at the output of EOM, also
for alignment purposes, to rotate the output linear polarization to match with the PBS
orientation at the torque detection unit. The fine tuning of these two HWP offers a
convenient alternative approach to align the laser beam polarization with respect to

EOM because the EOM holder does not support fine-tuning of EOM body’s rotation angle.

Due to the divergent nature of the focused Gaussian beam, one additional reducing
telescope (~1:2) is placed after EOM to reduce the beam diameter once again, rendering
the beam width suitable to enter the beam expander (BE; with a beam expansion ratio
of ~4) input aperture window. A non-polarizing beam splitter (NPBS) is located just
before the BE, and another output from the NPBS is used for reference torque detection.
In this reference torque detection unit, two quarter wave plates (QWPs) mimic the
actual angular trap without any trapped particle, thereby precisely reports the status of
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Figure 2.1. The schematic of OTW setup. The 1064 nm-wavelength trapping laser beam path is displayed
as black solid lines, while the visible light (LED) microscopy illumination beam path is shown as red dotted
lines. The abbreviations of components are as follows: optical isolator (ISO), beam block (BB), half-wave
plate (HWP), quarter-wave plate (QWP), polarizing beam splitter (PBS), 50:50 non-polarizing beam splitter
(NPBS), Glan laser polarizer (GLP), infrared lens (L), infrared mirror (IRM), neutral density filter (NDF), fast
InGaAs photodiode (PD), data acquisition system for feedback control based on field programmable gate
array (FPGA), acousto-optic modulator (AOM), electro-optic modulator (EOM), beam expander (BE), power
meter (PM; put into the beam path only when necessary), dichroic mirror (DM), visible wavelength mirror
(M), infrared filter (IRF), objective lens (OL), condenser lens (CL), light-emitting diode (LED), position
sensitive detector (PSD), tube lens (TL), and visible-wavelength charge-coupled device camera (vis. CCD).

beam polarization without being biased by any trapped object or medium. The
expanded beam after BE is reflected at a dichroic mirror (DM-1), and then passes a QWP
and an objective lens (OL). The beam becomes highly focused by OL, to be able to trap
particles within a flow cell chamber. The output beam is then collected by a condenser
lens (CL). The position of CL is adjusted so that the output beam from CL becomes
collimated. The use of two identical objective lenses, as OL and CL, facilitates collimation
of the output beam and calibration of the laser power at focal plane. The output beam
passes a QWP and is then reflected by a dichroic mirror (DM-2), being transferred to
the position and torque detection units.

Besides the trapping beam path, an additional beam path is utilized to consist
an optical microscope based on Koéhler illumination system 15, for observation of
particles within a flow cell. A high-power blue LED is used for illumination, and infrared
mirrors (IRM) are used as DMs, because visible light is mostly transmitted through
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IRMs rather than being reflected. Together with a visible-wavelength mirror (M), a tube
lens (TL), and a visible charge-coupled device (CCD) camera, visual observation of
trapped particle is possible through this microscope configuration. The added infrared
filter (IRF) blocks the scattered laser beam entering the CCD when necessary.

The rest of the beam path allows detection of both torque and force. The torque
detection unit after DM-2 has the same symmetric configuration as the aforementioned
reference torque detection unit. For both torque detection units, coupled PBS cubes are
used to compensate the asymmetric extinction ratios (among p- and s- polarization
components) of each PBS and offer the same level of extinction ratio for both p- and s-
output polarization components. To further suppress unexpected polarization
modulation, the beam path and placement of the optic components are carefully
designed to compensate such asymmetries in polarization that can be induced by the
optics components such as NPBS and DM. For example, the additional NPBS before the
reference torque unit is installed solely for such a purpose. By using two PDs in the
torque detection unit, the measured intensities of the left- and right-circularly polarized
beam components provide a direct measure of angular momentum transfer to the
trapped particle 16,

The optical force is then deduced from the particle position measurement. An
NPBS relays a half of the output beam to the position sensing detector (PSD) for the
radial measurements (x, y), while another half is guided to the photodiode (PD) for the
axial measurement (z). An iris is positioned before the PD and its opening is optimized
to properly capture the Gouy phase 17 shift of the trapped particle. The PSD alone can
also measure all three spatial coordinates (x, y, z) of a trapped particle, however, this
separated detection permits simultaneous optimization for both radial and axial
measurements as they have conflicting requirements for iris opening 18. The results
shown in Chapter 4 were measured with this improved position detection method,
while those in Chapter 3 were measured with PSD only.

For high-precision measurements, noise from various sources needs to be
blocked or suppressed. In this OTW setup, the laser beam path is enclosed by metallic
tubes wherever possible, to prevent turbulent air currents that can induce unwanted
fluctuation and noise on the measured signals. Further, the entire setup is enclosed in a
box made of thick plates to attenuate the transmission of acoustic noise. Every PD is
powered by a lead battery instead of a power supply to reduce possible interferences
from high-frequency electrical noise. In addition, the AOM is operated at only low RF
power level, as high-power driving of the AOM results in excess heating and causes
instrumental drift that appears as a large amount of low-frequency noise.

2.1.3. Torque and force calibrations in the OTW

The purpose of trap calibration process in OTW or optical tweezers is to obtain two
physical parameters that describe the behavior of a particle in an optical trap (i.e., trap
stiffness and drag coefficient). For the case of using the conventional spherical beads,
their precise drag can be analytically calculated once their diameter and viscosity of the
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surrounding medium are known. Then their stiffness can be calibrated by only
measuring their spatial fluctuations over time. In contrast, an active modulation of force
or torque is required to obtain both drag and stiffness without the prior knowledge on
drag of particle and viscosity of medium. The latter is more suitable considering the
non-conventional geometry of rutile TiOz nanoparticles (i.e.,, cylinder), for which
analytical solution of drag is valid only for a certain range of aspect ratios.

For linear trap calibration of rutile TiO2 nanoparticles in the OTW, the well-
established back focal plane interferometry combined with sinusoidal-modulation is
used 1° (as explained in Chapter 3). For angular trap calibration, two separate
measurements (similar to Refs. 12, 16) are performed, one for angular fluctuation
without any active modulation of torque and another with scanning polarization
rotation frequency (PRF). Then the maximum torque value (in the unit of raw signal,
volts) found in the frequency scanning is combined with the fitted parameters from the
power spectral density of angular fluctuation data, resulting in all three calibrated
angular trapping parameters (drag coefficient, trap stiffness, and detector sensitivity),
as like the case of linear trap calibration.

However, for the application of these calibration processes, the use of single-
crystal rutile TiO2 nanocylinders (Chapters 3-5) requires several modifications to
obtain more precise linear and angular trapping stiffnesses and drag coefficients. The
necessity for such modification in calibration processes results from the substantially
increased linear and angular stiffnesses offered by rutile TiO2 nanocylinders. First, the
high rotation frequency of 1-10 kHz resulting from the large birefringence of rutile TiO2
(compare with ~100 Hz of quartz SiOz microcylinders 2°) makes it challenging to
measure torque as a function of polarization rotation frequency (PRF) 16, with a small
step of increment in PRF values to precisely detect the maximum torque. To address
this issue, the frequency-sweep method has been suggested and utilized in this thesis
as a more rapid and reliable method to measure the response of a trapped birefringent
particle over a wide range of PRF values. Second, the tighter linear trapping resulting
from the high refractive index of rutile TiOz makes it necessary to consider the
hydrodynamic resonance effect (i.e., hydrodynamic memory effect)?! 22 in its power
spectrum fitting 23, because the simple Lorentzian model 23 is not capable of fitting such
power spectral density plots with resonance peaks. Notably, the occurrence of the
hydrodynamic effect not only requires a more sophisticated fitting algorithm but also
functions as a direct measure for the extremely large trap stiffness achieved by the
trapping system. More details about these modified calibration approaches and
relevant datasets can be found in Chapter 4.

2.1.4. Numerical modeling of force, torque, and drag

The theoretical calculations of optical force, torque, and hydrodynamic drag coefficients
are valuable in the interpretation of measured probe behavior, and in the design of
optimized probes for OTW. However, for cylindrical geometry, unlike spherical
geometry, analytical equations that can be applied to any value of cylinder aspect ratio
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do not exist to calculate these physical parameters. Moreover, for optical calculations,
the anisotropic optical property (i.e., birefringence) of rutile TiO: further complicates
the analytical approach. Therefore, a numerical approach is more desirable and finite
element method (FEM) is utilized in this thesis (Chapter 4). For optical force and
torque calculation, Maxwell stress tensor (MST) is utilized 24, and for viscous drag
calculation, Navier-Stokes equations 2° are solved.

2.2. Nanofabrication and surface functionalization

The modern nanofabrication techniques originate from the IC (integrated circuit, e.g.,
computing chips from Intel or AMD) industry. It started as "microfabrication”
techniques which were capable of producing ~10 um-width signal lines. However,
during the past decades, to meet the Moore's law (i.e., the number of transistors within
an IC chip doubles every 24 months), the techniques have been continuously optimized
to be able to fabricate feature sizes in the sub-micron scale. The ability to access micro-
and nanoscales revolutionized not only the IC chip industry, but also the nanoscale
science and engineering. In this section, a brief introduction is provided for the essential
steps in nanostructure fabrication, i.e. lithography and etching. In addition, the
principal concepts of organic surface functionalization are introduced, which is crucial
in application of the fabricated nanoparticles/nanostructures to biomolecule
measurements. These nanofabrication and functionalization techniques form the core
of the developments shown in Chapter 3 and Chapter 6.

2.2.1. Lithography

Originally, the term "lithography" reflects a technique for industrial printing or artwork.

The similar process is wused in micro/nanolithography for patterning
micro/nanostructures on a substrate. The most established forms of lithography are
photolithography and electron-beam (e-beam) lithography. In photolithography,
photo-sensitive polymer (i.e.,, photoresist), mask, and light source are required. A
substrate coated with photoresist is irradiated with photons from a light source
through a mask that allows photons to pass through specific patterns scribed on the
mask. Depending on the tone of the photoresist, the irradiated region of the resist layer
can either remain or be removed at the end of lithography process (i.e., negative or
positive resist, respectively). The photolithography is able to pattern a large area
rapidly, but preparation of each photomask is costly and time-consuming. Therefore, a
maskless photolithography technique, direct laser writing (DLW), is also available. In
DLW, a desired pattern is made with a laser beam, similarly to drawing a sketch on a
sheet of paper with a pen. As a consequence, the patterning speed itself is slower when
compared to the conventional photolithography that uses a mask.

The achievable pattern resolution for photolithography is typically limited to
~1 pm due to the diffraction limit of the photons. Instead, e-beam lithography can be
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used to produce submicron scale patterns because electrons have much shorter
wavelength than photons. E-beam lithography is a maskless technique, very similar to
DLW, but it utilizes electron-sensitive polymer (i.e., e-beam resist) and an electron gun.
In this thesis, e-beam lithography is used in Chapter 3 and Chapter 6 to define the
diameter of rutile TiO2 nanocylinders and the shape and size of gold nanostructures.
DLW is used in Chapter 6, to define desired microfluidic channel dimensions.

2.2.2. Etching

Similar to lithography process, etching procedure has a long history that emerged from
industrial printing or artwork. The similar process in nanofabrication has the same
nomenclature, designating the processes in which an unwanted part of a material is
removed. There are two broad categories in this technique: wet etching and dry etching.
For wet etching, acid or base is used in aqueous solution to selectively remove
unwanted material by chemically dissolving it. This process is simple and controllable,
but it is not suitable for nanocylinder etching due to its isotropic nature in etching
direction. On the other hand, dry etching is based on reactive plasma in which
directionally moving ions remove material physically and/or chemically. As it is
possible to obtain a straight etched sidewall, the heights of rutile TiOz nanocylinders
(Chapter 3) and microfluidic channels (Chapter 6) are defined by dry etching process
in this thesis.

2.2.3. Surface Functionalization

The surface functionalization, or surface modification, is a crucial step to enable diverse
applications of the fabricated nanostructures or nanoparticles. In this process, desired
chemical functional groups and molecules can be attached onto a surface. For example,
for single-molecule experiments, biomolecules are tethered to functionalized
nanoparticles so that the biomolecules can be measured or manipulated via the
nanoparticles. For (bio)sensors, a functionalized surface allows a selective adsorption
of molecules, enabling detection of molecules of interest.

In this thesis, an optimized organic surface functionalization protocol is
developed and demonstrated for rutile TiOz2 (Chapter 3). In general, it has been known
that TiO2 is more difficult to functionalize than other common materials such as SiOz 26.
By testing many different potential organic surface linkers, epoxysilane (GPDMES) is
chosen as it offers dense and uniform functionalization on single-crystal rutile TiO2
surface with only few preparation steps, being time-efficient as well. Hence, this new
functionalization protocol allowed measuring of single DNA molecules with rutile TiO2
nanocylinders. Moreover, additional attachment of physically and chemically inert
poly(ethylene glycol) (PEG) to nanocylinder surfaces reduce their self-aggregation and
increased the fraction of monodispersed cylinders. For the high-throughput
observation of protein-DNA interactions in SODA devices (Chapter 6), a similar surface
functionalization protocols are utilized. A supported lipid bilayer formed on a glass
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coverslip and the functionalized gold nanostructures allow controlled DNA attachment
and simultaneous observation of large number of single DNA molecules.
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Tunable Top-Down Fabrication
and Functional Surface Coating of
Single-Crystal Titanium Dioxide
Nanostructures and Nanoparticles

Titanium dioxide (TiOz) is a key component in diverse optical and electronic
applications that exploit its exceptional material properties. In particular, the use of
TiOz in its single-crystalline phase can offer substantial advantages over its amorphous
and polycrystalline phases for existing and yet-to-be-developed applications. However,
the implementation of single-crystal TiOz has been hampered by challenges in its
fabrication and subsequent surface functionalization. Here, we introduce a novel top-
down approach that allows for batch fabrication of uniform high aspect-ratio single-
crystal TiOz nanostructures with targeted sidewall profiles. We complement our
fabrication approach with a functionalization strategy that achieves dense, uniform,
and area-selective coating with a variety of biomolecules. This allows us to fabricate
single-crystal rutile TiOz nanocylinders tethered with individual DNA molecules for use
as force- and torque-transducers in an optical torque wrench. These developments
provide the means for increased exploitation of the superior material properties of
single-crystal TiOz at the nanoscale.

This chapter has been published as: Seungkyu Ha, Richard Janissen, Yera Y. Ussembayev, Maarten M. van
Oene, Belen Solano, and Nynke H. Dekker, “Tunable Top-Down Fabrication and Functional Surface Coating of
Single-Crystal Titanium Dioxide Nanostructures and Nanoparticles”, Nanoscale 8, pp. 10739-10748 (2016).
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3.1. Introduction

Micro- and nanostructures based on titanium dioxide (TiOz) have been utilized
in numerous applications that exploit the unique properties of this material
(Supplementary Fig. S3.1). For example, the high photocatalytic activity of TiO2
is used for water splitting ! and air purification 2. The electrical properties of TiOz,
which include a tunable resistance, a high dielectric constant, carrier transport
abilities, and a wide band gap, render it a preferred material for sensors 3,
memory devices 4, transistors 5, solar cells 6, and batteries 7.8. Furthermore, the
optical properties of TiOz, e.g. high refractive index and optical nonlinearity, find
its use in optical waveguides °, photonic crystals 19, and optical trapping 11.

In particular, the use of TiO: in its single-crystalline phase can offer
substantial advantages over its amorphous and polycrystalline phases for
existing and new applications. For instance, single-crystal TiOz allows improved
control of surface properties, e.g. photochemical reactivity 12 and surface
wettability 13, by making use of the different crystallographic orientations. The
higher carrier mobility of single-crystal TiOz renders it a promising material for
transistors and (bio)sensors 1 and may enhance the efficiency of dye-sensitized
solar cells 15. Furthermore, optical waveguides and photonic crystals composed
of single-crystal TiOz 1617 are expected, due to its highly ordered atomic
structures, to exhibit improved light transmission and nonlinear response 1819,
Lastly, the single-crystal rutile polymorph of TiO: has an exceptionally large
optical birefringence, which makes it an excellent candidate for incorporation
into torque transducers for e.g. single-molecule spectroscopy 20.

To facilitate the application of TiOz in its single-crystalline phase, major
challenges in both fabrication and surface functionalization must be addressed.
First, it is important to control structural parameters such as feature size, shape,
and pitch that determine the resulting physical responses of fabricated TiO:
nanostructures. Such physical responses impact e.g. gas sensing performance 3,
light scattering efficiency ¢, light propagation behavior 9, and optical trapping
capabilities 11. Mainstream bottom-up approaches for TiOz nanofabrication 21,
e.g. hydrothermal growth method 122 and electrochemical anodization ¢, while
capable of high throughput, lack sufficient flexibility in controlling dimensions
and geometries. A number of bottom-up methods are capable of fabricating
single-crystal TiOz nanostructures, but these lack control of the crystallographic
orientations and are limited to a certain crystalline polymorph, e.g. anatase?23 or
rutile 15. Hybrid fabrication methods, such as atomic layer deposition array
defined by etch-back technique 2425, can achieve high aspect-ratio but are limited
to the fabrication of amorphous or polycrystalline TiOz 26, These limitations can
be overcome by employing top-down nanofabrication methods based on plasma
etching, which can target single-crystal TiOz substrate with any desired
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crystalline polymorph or crystallographic orientation. However, as TiO:z is
substantially more difficult to etch than comparable materials (e.g., silicon (Si),
silicon dioxide (SiOz), and silicon nitride (SisN4)) 2728, such etching processes are
currently limited to low aspect-ratio and largely positive sidewall angle.

Second, it is key to achieve highly efficient surface functionalization and
bioconjugation of TiO2 for applications such as (bio)sensors 29, force transducers
30, and torque transducers 31. However, surface functionalization of TiOz, using
common alkoxysilane surface linkers, is known to be less efficient in terms of
linker density and uniformity than that of other oxide materials (e.g., SiO2 and
aluminum oxide (Alz03)) 3233, Furthermore, the majority of described
bioconjugation methods for TiO:z surfaces require long incubation time and
additional crosslinker molecules 2° that could decrease the overall conjugation
efficiency and harm the biomolecule functionality. Peculiarly for single-crystal
TiOz nanostructures, the lack of extensive quantitative and qualitative
comparisons of different surface functionalization strategies hinders the
selection of an optimal procedure.

Here, we present a successful top-down fabrication and surface
functionalization of single-crystal TiOz2 nanostructures and nanoparticles. We
focus our efforts on the rutile polymorph of single-crystal TiOz (100), in order to
harness its exceptionally large optical birefringence and precisely oriented optic
axis for effective torque transfer (Supplementary Methods) in an optical torque
wrench (OTW) 20. Using high aspect-ratio nanocylinders suitable for optical
trapping as our target structures, we demonstrate how these can be mass-
produced with well-defined sizes and etch profiles that display excellent overall
structural uniformity. We achieve dense, uniform surface coating of TiO:
nanocylinders using different linker molecules, and we demonstrate subsequent
covalent conjugation of biological and organic molecules such as DNA,
streptavidin, biotin, and biocompatible poly(ethylene glycol) (PEG). We
successfully exploit these developments to fabricate and functionalize TiO:2
nanocylinders with single DNA molecules, and demonstrate full rotational
control of individual nanocylinders in an OTW. This provides a particularly
stringent test, as proper functioning of the OTW relies on both the correctly
oriented optic axis and tightly controlled dimension of the single-crystal TiO2
nanocylinder, and the quality and reliability of the surface coating. Rutile being
the polymorph of TiO2 that is most difficult to etch 34, our approach provides the
means for increased exploitation of the superior material properties of single-
crystal TiOzin any desired polymorph for diverse applications.
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3.2. Results and discussion

3.2.1. Selecting an etch mask for the plasma etching of single-crystal TiO:
One of the major issues in top-down nanofabrication of single-crystal TiOz is its
high etch resistance. Plasma generated by fluorine-based gases is capable of
etching TiOz only under more aggressive etching conditions — in terms of plasma
ion density and energy — than the ones employed for the dry etching of
comparable materials e.g. Si, SiOz, and SisN4. The increased difficulty in etching
TiO2 compared to e.g. SiO2 stems from differences in the volatility of their etch
byproducts: whereas SiFx is volatile, TiFx is not 27. The more aggressive physical
etching conditions for TiOz necessitate careful selection of the etch mask
material: while a typical polymer-based mask (e.g., photoresist, electron beam
(e-beam) resist, or polystyrene spheres) can provide sufficient etch selectivity
(defined as the ratio of the substrate and mask etch rates) for e.g. SiOz 31, this is
not the case for TiOz. The low etch selectivity imposes a thicker mask for a target
etch depth, which is challenging as the applicable mask thickness is always
limited (Supplementary Methods). Also, masks can suffer from excessive edge
erosion during etching, which in turn reduces both feature sizes and the ability
to perform anisotropic etching 35.

To overcome these challenges, we have searched for a mask material for
the dry etching of single-crystal TiO:z that achieves sufficiently high etch
selectivity to permit the fabrication of nanostructures in a wide range of
dimensions and sidewall profiles. We have compared different mask materials
(Supplementary Fig. $3.2), such as chromium (Cr) 36, tungsten (W), e-beam
resist, and amorphous Si. We observe that in particular Cr provides a significantly
higher etch selectivity in fluorine-based etching of rutile TiOz (up to ~28:1 under
specific etching conditions; an overview of etch selectivity values for different
etching conditions can be found in Supplementary Fig. S3.3) than the other
tested materials. We therefore select Cr as an appropriate etch mask material. To
fabricate the Cr mask, we create circular apertures in a poly(methyl
methacrylate) (PMMA) layer using e-beam lithography (Fig. 3.1, step 1-3). The
aperture diameters can be tuned within 100-600 nm by means of defocusing e-
beam. Subsequent Cr deposition and the following lift-off define the mask (Fig.
3.1, step 4-5).

3.2.2. Trifluoromethane (CHF3)-based plasma etching of single-crystal TiO:
nanocylinders

With the objectives to maximize the etch rate with a sufficiently high etch

selectivity (>10:1, in order to achieve etch depths up to 1-2 pm at the practical

upper limit of Cr mask thickness, ~150 nm; Supplementary Methods) and to

produce single-crystal TiOz nanocylinders with vertical sidewall angles, we have
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Figure 3.1. Schematic diagram of the fabrication protocol for single-crystal TiO: nanostructures and
nanoparticles. Each SEM image is linked to the corresponding step by a gray dashed line. Scale bars denote
500 nm. (Step 1) Cleaning of a single-crystal TiO: substrate (yellow). (Step 2) PMMA (blue) spin-coating for
e-beam lithography. (Step 3) E-beam patterning and subsequent development to generate evaporation
windows that define the desired nanostructure sizes. The corresponding SEM image in the inset shows the
TiO2 surfaces (circles) following exposure and development of the PMMA layer. (Step 4) Deposition of the Cr
layer (light gray) through evaporation. The Cr layer covers both the accessible TiO: surfaces (circles) and the
PMMA layer (inset SEM image). The inset illustration shows a cross-section that highlights the formation of a
Cr mask. (Step 5) Lift-off of PMMA layer and the resulting Cr etch mask. The SEM image in the inset displays
the Cr mask (circles) formed on the TiO: substrate. (Step 6) Dry etching step to obtain the desired heights
and sidewall profiles. (Step 7) Removal of the Cr mask following usage generates the complete
nanostructures, and surface cleaning prepares these for subsequent surface functionalization. The SEM image
(60° tilt) in the inset shows an array of the fabricated nanocylinders. (Step 8) Spin-coating of a temporary
PMMA layer for area-selective functionalization. (Step 9) Etching of the temporary PMMA layer renders the
tops of the nanostructures accessible. The SEM image in the inset shows the TiO2 nanostructures (white
circles) amidst the etched PMMA layer. (Step 10) Selective surface functionalization with linker molecules
(orange). (Step 11) Removal of the temporary PMMA layer and the following conjugation with biomolecules
(green). (Step 12) Mechanical cleavage of the nanostructures using a microtome blade (dark gray) to
generate isolated individual nanoparticles. The inset shows an SEM image of a batch of cleaved nanocylinders.
For further details, see Methods.

optimized parameters for the fluorine-based plasma etching process (Fig. 3.1,
step 6). We start with a reactive ion etching (RIE) system in which
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trifluoromethane (CHF3) is the major etchant, and oxygen (02) and argon (Ar) are
additive gases. The major etchant gas CHF3 supplies both the reactive etching
species and the fluorocarbon (CxFy) surface passivation layer-forming species 37.
To optimize the process, we systematically vary the radio frequency (RF) power,
chamber pressure, and ratios of the etch gases (CHF3:02:Ar) (Supplementary
Table S$3.1). Our optimized etching conditions (Supplementary Table S3.2)
result in a high single-crystal TiOz etch rate of ~40 nm/min at a sufficient etch
selectivity of ~14:1 over the Cr mask, which enables the formation of TiO:
nanocylinders with vertical sidewalls (~90°; Fig. 3.2a). We have successfully
implemented this protocol on a second, nominally identical RIE system (Fig.
3.2b), requiring only minor tuning in the Oz flow rate (4-8 sccm compared to
~0.5 sccm), most likely due to differences in instrument calibration.

Notably, we observe that tuning a single process parameter, namely the
02 flow rate, allows us to drastically alter sidewall etch profiles and even cross-
sectional shapes (Supplementary Fig. $3.3). For example, at low O2 flow rates
(0-1 sccm), we can modulate the sidewall angles from positive to negative,
thereby including vertical sidewalls (Fig. 3.2a,b). At significantly higher O: flow
rates (5-10 sccm), we can obtain hourglass-shaped etch profiles (Fig. 3.2c).

3.2.3. Sulfur hexafluoride (SFs)-based plasma etching of single-crystal TiO:
nanocylinders

While maintaining the identical objectives as above (high etch selectivity and
vertical sidewall angles), we have also optimized the plasma etching of TiOz using
another major etchant, sulfur hexafluoride (SFs), in inductively coupled plasma
(ICP)-RIE systems. We achieve higher etch rates of 100-200 nm/min (compared
to those of 30-100 nm/min in RIE systems) using two different ICP-RIE systems
(one equipped with SFs, methane (CH4), and Ar gases, Fig. 3.2d; the other
equipped with SFe¢ and helium (He) gases, Fig. 3.2e,f), making it possible to
fabricate TiOz nanocylinders with heights up to 1-2 um while reducing the time
of exposure to the plasma. The latter is important because longer etch durations
tend to induce a drift in the etching conditions which in turn leads to irregular
etch profiles. The higher TiO:z etch rates that we obtain result from the increased
density of plasma generated in ICP-RIE versus RIE systems 28 and a reduced level
of CxFy sidewall surface passivation. Decreased levels of C«Fy passivation are
attributed to an excess of hydrogen plasma 38 and to the lack of a carbon source
for the cases of SFs:CH4:Ar and SFes:He, respectively. Furthermore, SFs-etched
nanocylinders show cleaner, smoother surfaces in high-resolution scanning
electron microscope (SEM) images (Fig. 3.2d) compared to those of CHF3-etched
cylinders (Fig. 3.2c).

When we use non-optimized SFe-based plasma etching conditions, etch
profiles displaying highly positive sidewall angles are obtained. Since the high
plasma densities of ICP-RIE systems also significantly increase the Cr etch rates,
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Figure 3.2. Control of single-crystal TiO2 nanocylinder shapes using different conditions in plasma etching.
In each SEM image, the top surface of the nanocylinder is marked by a yellow line (remnants of the Cr mask
prior to its removal are visible in (b,c,f)). Scale bars denote 500 nm. In the following, the height (H), the
averaged diameter (D), and the resulting aspect-ratio (AR = H/D) of each nanocylinder are shown. (a) A
nanocylinder with a vertical sidewall (89°) that results from an optimized CHFs:02 dry etching in an RIE
system (H: 430 nm, D: 110 nm, AR: 3.9). (b) A nanocylinder with a vertical sidewall (89°) etched from the
optimized CHF3:02 dry etching in a second, nominally identical RIE system (H: 605 nm, D: 205 nm, AR: 3.0).
(c) An hourglass-shaped nanocylinder that results from CHF3:02:Ar dry etching in an RIE system (H: 1020
nm, D: 200 nm, AR: 5.1). (d) A cone-shaped nanocylinder that results from SFs:CHa:Ar dry etching in an ICP-
RIE system (H: 1385 nm, D: 490 nm, AR: 2.8). (e) A cone-shaped nanocylinder that results from SFe:He dry
etching in an ICP-RIE system (H: 2160 nm, D: 390 nm, AR: 5.5). (f) A nearly vertical (85°) nanocylinder that
results from an optimized SFe:He dry etching in an ICP-RIE system (H: 470 nm, D: 210 nm, AR: 2.2).

we observe that the Cr mask tends to be completely etched away during the
process, hence resulting in the formation of cone-shaped nanocylinders 35 (Fig.
3.2d,e). Under our optimized etching conditions (Supplementary Table S3.2),
which rely on a reduced ICP power to generate moderate plasma density, we are
able to achieve sufficient etch selectivity over the Cr mask (~16:1) and nearly
vertical sidewall angles (~85°; Fig. 3.2f) with high single-crystal TiOz etch rates
of ~120 nm/min.

3.2.4. Quantification of single-crystal TiOz nanocylinder uniformity

To quantify both the local and global structural uniformity of fabricated single-
crystal TiOz nanocylinders over an entire substrate, we have analyzed SEM
images of high aspect-ratio (3.6) nanocylinders fabricated using the CHF3
plasma-based protocol (Fig. 3.3; etching conditions in Supplementary Table
$3.2). Qualitatively, the high uniformity of nanocylinder diameters and heights
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Figure 3.3. Dimensions of fabricated single-crystal TiOz nanocylinders. (a-c¢) SEM images of etched TiO2
nanocylinders (light gray). Scale bars denote 1 pm. (a) Tilted-view (60°) of partially cleaved TiO:
nanocylinders. An array of rigidly fixed nanocylinders is visible in top-left corner, and the cleaved substrate
surface is bottom-right corner. The released nanocylinders are positioned at the interface of these regions.
(b) Top-view of the nanocylinders. The inset shows the boundaries of the top (red contour line) and bottom
(blue contour line) surface areas detected using the custom-written image analysis software routine. The
dotted horizontal red (vertical blue) line and the red (blue) dot display the equivalent radius and the center
of the top (bottom) surface, respectively. (c) Tilted-view (75°) together with an illustration of the image
analysis procedure used to extract nanocylinder heights. The green vertical line measures the distance
between the centers of the top and bottom surfaces (indicated by the green dotted horizontal lines). This
distance is converted to actual height using the tilting angle. (d-f) Quantification of nanocylinder diameters
and heights over the substrate. Measurement points are spaced by 0.5 mm from the center of the substrate
to its edge. At each point, the diameters (heights) are calculated from n = 12 (n = 10) different nanocylinders.
The square markers and the error bars in the graphs represent the mean and the standard deviation of the
local uniformity, respectively. The horizontal dotted black lines and the top and bottom sides of the gray
shaded boxes in the graphs represent the mean and the standard deviation of the global uniformity,
respectively. (d) Top diameters, (e) bottom diameters, and (f) heights are shown as a function of distance
from the substrate center.

can be observed from the SEM image of a cleaved nanocylinder substrate (Fig.
3.3a). To quantify this, we measure the dimensions of nanocylinders at radial
distances from the substrate center out to 3.5 mm and spaced by 0.5 mm (thus
covering the entire circularly patterned area with radius ~4 mm on the 10 x 10
mm?2-sized substrate). From analysis of top-view SEM images (Fig. 3.3b), we
observe that the top (Fig. 3.3d) and bottom diameters (Fig. 3.3e) exhibit
excellent local uniformity, defined as the uniformity at each measurement
position (averaged relative standard deviation (RSD) of 4.4% (top) and 2.3%
(bottom)). The global uniformity across the substrate displayed similar values
(RSD of 4.7% (top) and 2.7% (bottom)). Fluctuations in diameters likely result
from the instability of the e-beam during the patterning process of the Cr etch
mask. The observation that the top diameters are nonetheless slightly less
uniform than the bottom diameters may result from the fact that etching erodes
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the Cr mask in a non-uniform fashion depending on the roughness of the mask
surface 39, as is backed up by an analysis of the roundness of the top and bottom
nanocylinder surfaces (Supplementary Fig. S3.4). From tilted-view SEM images
(Fig. 3c), we also extract the nanocylinder heights (Fig. 3.3f), which similarly
show very good uniformity both locally (averaged RSD of 0.6%) and globally
(RSD of 1.4%). We attribute the nearly monotonic increase in heights outward
from the substrate center to the well-known loading effect, in which the
transport and depletion of etching species along a substrate contribute to etch
rate nonuniformity 40. The analysis of a batch of low aspect-ratio (1.6)
nanocylinders reveals identical trends (Supplementary Fig. S3.4 and
Supplementary Table $3.3; etching conditions in Supplementary Table S3.2),
thereby proving that our protocol can be used to generate both low and high
aspect-ratio nanoscale structures with high uniformity.

3.2.5. Surface functionalization and bioconjugation of single-crystal TiO:
We now demonstrate highly efficient and versatile surface functionalization and
bioconjugation of single-crystal rutile TiO:z (Fig. 3.4a). We perform the
functionalization experiments on single-crystal TiOz nanostructures fabricated
using our developed SFe-based plasma etching process presented earlier.
Compared with CHFs-based etching, this process results in a lower degree of
surface contamination by CxFy, and hence a higher surface linker coverage.

To quantitatively characterize the surface coating efficiency of different
covalently bound surface linkers, we first test functionalization on single-crystal
rutile TiO2 substrates with large-scale square micro-patterns (25 x 25 pm?2)
embedded in a thick (1-2 uym) PMMA layer (Fig. 3.4b). Similarly to other oxide
materials, the surface of TiOz is populated by hydroxyl groups that allow it to be
functionalized with different types of linker molecules, such as silanes and other
organic molecules with covalent hydroxyl-binding capacity 3341. Here, we have
tested four different surface linker molecules: an aminoalcohol (ethanolamine
hydrochloride; ETA), an epoxysilane ((3-glycidoxypropyl)dimethylethoxysilane;
GPDMES), a widely used alkoxysilane ((3-aminopropyl)dimethylethoxysilane;
APDMES), and a cyclic azasilane (N-n-Butyl-aza-2,2-dimethoxysilacyclopentane;
BADMSCP). Additionally, since PEG coatings are widely used for surface
passivation 42 and as biocompatibility layers 43, we have also tested the covalent
attachment of heterobifunctional PEG to ETA-coated surfaces (Supplementary
Methods, Supplementary Fig. $3.5). To compare the coating efficiency of these
different linkers, we covalently bind fluorophores (ATTO 647N; Aexcitation = 640
nm, Aemission = 669 nm) to the functionalized micro-patterns and measure the
fluorescence intensity using quantitative fluorescence microscopy
(Supplementary Methods). The fluorescence measurements report successful
surface functionalization for all surface linkers used (Supplementary Fig. $3.5).
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Figure 3.4. Characterization of the efficiency of surface functionalization of single-crystal TiO:
structures using fluorescence microscopy. (a) Illustration of the surface coating steps. First, single-
crystal TiOz surfaces are Oz plasma-treated to generate hydroxyl groups (-OH). Then epoxysilanes
(GPDMES) are covalently bound to the surface hydroxyl groups. Consequently, either fluorophores
(red) or biomolecules (e.g., streptavidin (green)) are bound covalently to the reactive epoxy
functional group. (b) Functionalized micro-patterns for quantitative characterization of the efficiency
of surface functionalization. The brightfield image (left panel) shows squares (25 x 25 um?) patterned
on PMMA-coated TiO: substrate. The corresponding zoom-in fluorescence image (right panel) of a
square shows successful covalent binding of the amino-labeled fluorophores (ATTO 647N) to the
epoxysilane functionalized surface. Scale bars denote 20 pm. (c) Functionalized nanostructures for
qualitative characterization of the efficiency of surface functionalization. Brightfield (left panel) and
corresponding fluorescence (right panel) images of top-area functionalized TiOz nanocylinders using
the same method as above. Scale bars denote 2 pm.

Regarding subsequent bioconjugation to TiOz surfaces, several
considerations lead us to select epoxysilane (GPDMES) as the most appropriate
surface linker. To start, epoxysilanes are widely used for their demonstrated
reliability in surface functionalization 4* and biomolecule attachment 45.
Furthermore, GPDMES-coated TiO:2 surfaces demonstrate high surface linker
coating density and homogeneity (Fig. 3.4b). Indeed, while GPDMES coatings
provide a slightly lower surface linker density than ETA or PEGylated ETA
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coatings, their coating efficiency is significantly higher than the one obtained
using BADMSCP and comparable to that of commonly used APDMES
(Supplementary Fig. S3.5).

More importantly, the greatest advantages of using GPDMES compared
to other surface linkers are: first the ability of the epoxy group to react directly
with the primary amino groups of biomolecules that permits bioconjugation in
absence of additional crosslinkers, avoiding conditions that could harm the
structural and functional integrity of the target biomolecules; and second the
rapid surface functionalization process (e.g.,, ~15 min compared to ~12 h of all
the other linkers; Supplementary Methods). With this procedure in hand,
epoxysilane-functionalized TiO: surfaces can readily be used for the covalent
conjugation of a majority of biomolecules. We apply this bioconjugation process
to the single-crystal TiOz nanocylinder arrays on the substrate (Fig. 3.1, step 7-
11) prior to their mechanical cleaving (Fig. 3.1, step 12) to avoid additional,
subsequent purification procedures. At this stage, functionalization can be
applied to specific areas of the TiOz nanocylinders through partial PMMA coating
(Fig. 3.1, step 8-10). Using this approach, we are able to functionalize and
bioconjugate only the top parts of the TiOz nanocylinders (Fig. 3.1, step 11).
Fluorescence microscopy has also been used to qualitatively demonstrate the
successful functionalization of individual TiOz nanocylinders (Fig. 3.4c).

3.2.6. Degree of monodispersity in coated single-crystal TiOz nanoparticles
Our ability to functionalize single-crystal TiOz nanoparticles with high surface
linker density and homogeneity can also be beneficial in different contexts. For
example, following the mechanical cleaving that liberates the nanocylinders from
the TiO:z substrate, it is necessary to prevent their aggregation in aqueous
environments. Generally speaking, the aggregation of nanoparticles depends on
both the surface composition of the nanoparticles and the type of solution in
which they are immersed 4¢. We have tested different surface coatings and buffer
solutions that effectively prohibit single-crystal TiOz nanoparticle aggregation
and have evaluated those using dynamic light scattering (DLS) measurements
(Supplementary Fig. S3.6). We find that non-coated TiO2 nanocylinders
aggregate substantially over time in deionized (DI) water, in contrast to what
occurs in physiological phosphate buffered saline (PBS) solution at similar pH
(7.4). We also find that the addition of bovine serum albumin (BSA, 2% (m/v)),
which is widely used as surface passivation agent 47, deteriorates substantially
the monodispersity of TiO2 nanocylinders in both DI water and PBS solution.
When we apply a PEG coating — widely implemented for passivating nanoparticle
surfaces to decrease aggregation and enhancing their biocompatibility 43 - to
TiOz nanocylinders, we observe no aggregation in either DI water or PBS
solution. Such PEG-coated TiOz nanocylinders refrain from aggregation even
when they are conjugated to biomolecules such as biotin or DNA. Likewise, the
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GPDMES-coated TiO: nanocylinders with bioconjugated streptavidin show no
aggregation at physiological condition (PBS solution) and therefore have been
chosen for the single-molecule OTW experiments.

3.2.7. Characterization of individual DNA molecules using single-crystal
TiOz nanocylinders

To demonstrate the potential of our developed fabrication and surface coating
processes for diverse applications, we tether single-crystal TiOz nanocylinders to
individual linear, double-stranded DNA molecules and perform stretching and
twisting experiments in an OTW. For these measurements, we use GPDMES-
functionalized, streptavidin-coated single-crystal TiO2 nanocylinders fabricated
in SFs plasma (Methods), and test their response to force and torque applied on
torsionally constrained 20.6 kbp DNA (contour length of ~7 pm; Supplementary
Methods). A biotinylated handle on one extremity of the DNA is designed to bind
to the streptavidin-coated nanocylinders, whereas the other extremity of the
DNA includes digoxigenin to allow it to bind to the digoxigenin antibodies that
are covalently bound to a heterobifunctional PEG-coated flow cell channel (Fig.
3.5a, Supplementary Methods).

Prior to performing measurements on these DNA-tethered single-crystal
TiOz nanocylinders in an OTW (Supplementary Methods), we calibrate the
optical trap by using individual non-tethered nanocylinders to measure its trap
stiffness (Supplementary Fig. S3.7). We can then apply a force to a tethered
nanocylinder and stretch the DNA (Fig. 3.5b). The obtained force-extension data
are fitted to the worm-like chain (WLC) model 48 (red line in Fig. 3.5b) and yield
a persistence length of 45 + 1 nm and contour length of 6.8 + 0.2 pm (means and
standard deviations for n = 5 different DNA tethers), in excellent agreement with
previous reports 303148 We additionally rotate the nanocylinder at low constant
force (0.5 pN) or medium constant force (1.8 pN) to supercoil the tethered DNA
molecule. The resulting extension-rotation relation (Fig. 3.5c) shows the
characteristic symmetric (asymmetric) response of twisted DNA in the low
(medium) force regime, also in agreement with previous reports 3149-52, We note
that the OTW provides an excellent platform to evaluate the quality of our top-
down fabrication of single-crystal TiOz nanostructures, as only nanocylinders
with precisely controlled dimensions and uniformity are appropriate for stable
and reproducible optical trapping. Furthermore, use of the OTW to stretch and
twist DNA molecules provides a stringent test of the applied surface
functionalization, as these processes (notably twisting) are only possible
provided that the surface functionalization and bioconjugation processes are
sufficiently efficient to allow for the formation of multiple stable bonds at either
DNA extremity 52,
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Figure 3.5. Application of DNA-tethered single-crystal rutile TiO2 nanocylinders in an OTW. (a) Schematic of
a DNA tethered at one extremity to a single-crystal rutile TiO2 nanocylinder and at the other extremity to a
flow cell channel surface. For the nanocylinder, the orientations of ordinary (n.) and extraordinary (ne)
refractive indices are indicated. First, we functionalize the flow cell channel surface with ETA, PEG, and
digoxigenin antibodies. Then the end of the DNA containing the digoxigenin-enriched handle is attached to
the flow cell channel surface via an antigen-antibody binding. The other extremity of the DNA that contains
the biotin-enriched handle binds to the streptavidin-coated nanocylinder. (b) The extension of tethered DNA
as a function of force. The gray dots represent force-extension data while the red line is a fit to the WLC model.
The illustration depicts a fully stretched DNA. (c) The response of DNA to rotation at different stretching
forces (blue circles and green triangles for 0.5 pN and 1.8 pN, respectively). The corresponding illustration
represents a supercoiled DNA.

3.3. Conclusions

We have developed and optimized processes for the fabrication, surface
functionalization, and bioconjugation of single-crystal TiO: nanostructures and
nanoparticles. Using two top-down etching approaches, we demonstrate the fabrication
of highly uniform nanostructures and nanoparticles with controllable shapes and
dimensions. The CHFs-based etching process provides a wider range of etch geometries,
while the SFs-based etching process results in improved surface quality allowing
homogenous and dense coating. We are able to etch single-crystal TiO: into various
nanoscale shapes, including cylinders, cones, and hourglass-shaped structures. The
fabricated nanostructures have diameters in the range of 100-600 nm, with heights up
to 1-2 pm under etching conditions that yield high etch rate and selectivity. Using SFs-
etched single-crystal TiOz nanocylinders, we show how they can be functionalized with
high efficiency and be conjugated covalently to a majority of biomolecules. We
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demonstrate the use of these coated TiOz nanocylinders by stretching and twisting
individually tethered DNA molecules, an application that exploits the tight dimensional
control and high-quality surface functionalization of nanocylinders etched from a rutile
(100) single-crystal TiOz substrate. Our developed fabrication and surface
functionalization methods will likely find utilization in diverse optical and electronic
applications of single-crystal TiOz, including applications in life science-oriented fields
through e.g. the development of biosensors and single-molecule techniques.

3.4. Methods

3.4.1. Fabrication and bioconjugation of single-crystal rutile TiO:

nanocylinders for OTW experiments
We use single-side polished single-crystal rutile TiO2 (100) substrates (Latech,
Singapore), 10 x 10 mm? in size and 0.5 mm in thickness, to produce
nanocylinders. We clean the substrates in fuming nitric acid (99.5%, Sigma-
Aldrich, The Netherlands) using ultrasonication for 10 min followed by thorough
rinsing in DI water and drying under a nitrogen (N2) stream (Fig. 3.1, step 1).
We then subject the substrates to an Oz plasma (TePla300, PVA TePla, Germany),
after which we spin-coat ~250 nm-thick e-beam resist layer (PMMA 950k A4,
MicroChem, Germany) at 500 rpm for 5 s and then 3000 rpm for 55 s. We bake
the resist-coated substrates on a hotplate for 30 min at 175 °C (Fig. 3.1, step 2).
The substrates do not require an additional conductive layer to prevent charge
accumulation during e-beam patterning since it has sufficiently high electrical
conductivity.

We then use an e-beam patterning system (EBPG 5000+, Leica, UK; the
acceleration voltage is set to 100 kV and the aperture diameter to 400 pm) to
pattern the PMMA layer by a defocused e-beam with circular cross-section and
tunable diameter. The patterning of each circular shape is performed by a single-
pixel e-beam exposure, defining the shapes of the Cr mask for subsequent
nanocylinder etching. Using an e-beam condition (current of 85 nA, defocusing of
100-200 nm, and dose of 2000 uC/cm?), we pattern circles with 600 nm pitch on
a circular patterning area with radius ~4 mm (~140 million masks in total) in
<30 min. We develop the patterned substrate using a solution of methyl isobutyl
ketone (MIBK, Sigma-Aldrich, The Netherlands) and isopropyl alcohol (IPA,
Sigma-Aldrich, The Netherlands) (1:3 MIBK:IPA) for 60 s with constant hand
agitation at room temperature. We then rinse the substrate in IPA for 30 s and
dry it under a N2 stream (Fig. 3.1, step 3).

We deposit the Cr mask layer using either an e-beam evaporator
(Temescal FC-2000, Ferrotec, Germany) or a thermal evaporator (L560, Leybold
Heraeus, Germany) loaded with Cr pieces (purity of 99.95%, Kurt J. Lesker,
Germany), using the patterned PMMA layer as evaporation windows. We use
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slow Cr deposition rates (<1.0 A/s) to obtain high quality Cr layers (Fig. 3.1, step
4). We finalize Cr mask formation in a lift-off process by soaking the substrate
into preheated (80 °C) resist stripper (PRS-3000, JTBaker, The Netherlands) for
20 min with constant agitation using magnetic spinner. Then we thoroughly rinse
the substrate in DI water and dry it under a Nz stream (Fig. 3.1, step 5).

We etch TiOz nanocylinders using the optimized conditions
(Supplementary Table S3.2) for vertical sidewall angles (Fig. 3.1, step 6). We
etch nanocylinders with either an RIE system (Fluor Z401S, Leybold Heraeus,
Germany; Fig. 3.2a,b) or an ICP-RIE system (Plasmalab system 100, Oxford Instr.,
UK; Fig. 3.2f). For dimensional analysis of the etched nanocylinders, we employ
SEM systems (Hitachi S4800 FESEM, FEI XL30S FEG SEM, or FEI Nova NanoSEM).
We remove the used Cr mask using a wet etchant (Chrome etch n°l,
MicroChemicals, Germany) and then perform surface cleaning using fuming
nitric acid and Oz plasma (TePla300) for the subsequent surface
functionalization (Fig. 3.1, step 7).

Optionally, if area-selective functionalization on top of the nanocylinders
isrequired, we cover their sidewalls with a temporary protection layer. We cover
the substrate with PMMA 950Kk resist at a chosen concentration to provide a spin-
coated thickness larger than the heights of the nanocylinders (Fig. 3.1, step 8).
Consequently, we etch the PMMA layer to render the tops of the nanocylinders
accessible, using either Oz plasma (TePla300) or MIBK solution (Fig. 3.1, step 9).
Note that we do not bake the resist in order to allow for its straightforward
removal afterwards.

To attach biomolecules to TiO: nanocylinders, we first activate the
nanocylinder substrates by Oz plasma treatment (Plasma-PREEN I, Plasmatic
Systems Inc., USA). Then we bind GPDMES to the substrate for 15 min at 75 °C
using non-diluted GPDMES solution, and wash the substrate in chloroform
(CHROMASOLYV plus, for HPLC, 299.9%, Sigma-Aldrich, The Netherlands) three
times for 15 s each, followed by drying under a Nz stream (Fig. 3.1, step 10). (If
a temporary PMMA layer is used for area-selective functionalization, we first
wash the substrate in ethanol three times for 15 s each directly after the
incubation with GPDMES, followed by drying under a N2 stream. We then remove
the temporary PMMA layer in chloroform for 15 min at room temperature,
followed by additional washing in fresh chloroform three times for 15 s each and
drying under a N2 stream.)

We then bind streptavidin molecules to the epoxy group of GPDMES, by
incubating the nanocylinders with 2 uM streptavidin (Sigma-Aldrich, The
Netherlands) in PBS solution (pH 7.4, Sigma-Aldrich, The Netherlands) for 1 h at
room temperature. After washing three times for 15 s each with PBS/TWEEN®
solution (pH 7.4, PBS containing 0.1% (v/v) TWEEN® 20 (Sigma-Aldrich, The
Netherlands)), we wash with PBS solution (pH 7.4) another three times for 15 s
each (Fig. 3.1, step 11).
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We cleave TiO2 nanocylinders mechanically from the substrate using a
diamond microtome blade (DT315D50, C.L. Sturkey, USA) inside a PBS/Triton™
droplet (pH 7.4, PBS containing 0.05% (v/v) Triton™ X-100 (Sigma-Aldrich, The
Netherlands)), followed by suction of the droplet by a micropipette (Fig. 3.1,
step 12). These cleaved, streptavidin-coated TiOz nanocylinders can be further
coupled with biomolecules of interest, e.g. DNA with biotinylated handles, by
incubating them in a flow cell channel for OTW experiments (Supplementary
Methods).
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3.6. Supplementary Information
3.6.1. Supplementary Methods

3.6.1.1. Orientation of the optic axis in single-crystal rutile TiOz nanocylinder for
OTW experiment

To control polarization-based rotation of optically trapped nanoparticles in an OTW,
birefringent positive uniaxial single-crystals are desirable substrate materials. Single-
crystal rutile TiOz is such a material, and it has an exceptionally high birefringence that
is advantageous for effective torque transfer in an OTW. In particular, cylindrically
shaped nanoparticles align their long axis with the direction of laser beam propagation,
fixing two of the three rotational degrees of freedom (DOF). The remaining rotational
DOF is controllable via the polarization of the laser beam provided that the optic axis is
perpendicular to the nanocylinder’s long axis (Fig. 3.5a). To appropriately control the
orientation of this optic axis within the nanocylinders, it is necessary to etch into (100)-
cut single-crystal rutile TiOz substrates. A similar approach has been employed for the
case of X-cut single-crystal quartz SiO2 substrates 1-5.

3.6.1.2. Considerations for optimal fabrication of the Cr etch mask for single-
crystal TiO: etching
We consider the optimal fabrication of the Cr etch mask for the desired size of single-
crystal TiO2 nanostructures. The deposited Cr layer should be sufficiently thick for the
mask to remain functional until the end of etching process, taking into account the fact
that the mask top surface will not be perfectly flat. Also, the overall thickness of the Cr
mask is limited by that of the used PMMA layer. The thickness of the PMMA should be
2-3 times larger than that of the Cr mask to facilitate complete lift-off, but it has an
upper limit determined by its concentration. In practice, Cr layers thicker than ~150
nm tend to cause more severe deformation in patterned PMMA layers, resulting in
higher nonuniformity. This deformation is presumably due to the built-up stress in Cr
layers during physical vapor deposition ¢. A further consideration in mask fabrication
is that mask shapes tend to be more cone-like when thicker Cr layers and/or smaller
patterned apertures are used 7 (Fig. 3.1, step 4, inset illustration). Such masks are not
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suitable for anisotropic etching for vertical sidewall due to more rapid erosion of their
thinner edges.

3.6.1.3. Surface functionalization procedure of single-crystal TiO:

For the surface functionalization of single-crystal TiOz substrates, we have compared
four different surface linker molecules (Supplementary Fig. S3.5): ETA (Sigma-Aldrich,
The Netherlands), GPDMES (Sigma-Aldrich, The Netherlands), APDMES (Sigma-Aldrich,
The Netherlands), and BADMSCP (abcr GmbH, Germany). For the binding of ETA linker,
we dissolve ETA in anhydrous dimethyl sulfoxide (DMSO) (Sigma-Aldrich, The
Netherlands) to a final concentration of 5 M. We use this ETA/DMSO solution to
incubate the substrates for 12 h at room temperature, followed by washing the
substrates with DI water. For the binding of epoxysilane linker (GPDMES), we incubate
the substrates for 15 min at 75 °C using non-diluted GPDMES solution, followed by
chloroform washing. For the binding of the APDMES and BADMSCP linkers, we incubate
the substrates in ethanol containing either 5% (v/v) of APDMES or BADMSCP. We carry
out the silanization reaction for 12 h at 70 °C and then wash with chloroform (or
ethanol). Additionally, we perform PEGylation of ETA-coated surfaces with
heterobifunctional NHS-PEG-COOH (MW 5,000, LaysanBio, USA) 8 We incubate the
surfaces with 2 mM PEG dissolved in 100 mM 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (pH 4.7, Sigma-Aldrich, The Netherlands) for 1 h at room temperature.
Afterwards, we wash the PEGylated surfaces with DI water. For every washing step
involved, we wash three times for 15 s each, and then dry the substrates under a N:
stream. The above protocols can also be applied to other oxidized surfaces, e.g. quartz
(Si02) (Supplementary Fig. $3.5), silicon (Si), silicon nitride (Si3N4), and non-noble
metals.

3.6.1.4. Evaluation of single-crystal TiO:z surface functionalization efficiency via
fluorescence microscopy

We fabricate 25 x 25 pm? micro-patterns of PMMA on single-crystal rutile TiO; and
quartz SiOz substrates for quantitative evaluation of the surface linker functionalization
efficiencies via fluorescence microscopy. To fabricate the PMMA micro-patterns, we
utilize a similar protocol as described for TiO2 nanocylinders (Methods). The main
differences include spin-coating PMMA 950k A11 to achieve a ~1.9 pm-thick layer and
altered e-beam settings (a current of 312 nA, a diameter of 300 nm through defocusing
the beam, and a dose of 1000 uC/cm?). For the quartz SiOz substrates (X-cut, University
Wafer, USA) alone, we sputter a 30 nm-thick gold (Au) layer (EM ACE600, Leica, The
Netherlands) onto the spin-coated PMMA layer to prevent charging. Following e-beam
patterning, we remove the Au layer by a wet etchant (TFA, Transene, USA). As described
in Methods, we treat the micro-patterned substrates with Oz plasma (Plasma-PREEN I)
prior to the functionalization process.

For the evaluation of the surface functionalization efficiencies of the different
linkers to single-crystal TiOz (and SiO2) substrates, we use amino and NHS-ester
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modified fluorophores (ATTO 647N, ATTO-TEC GmbH, Germany). They are covalently
added to the organic functional groups of the surface linkers employed. For the
substrates coated with ETA, APDMES, and BADMSCP, we dissolve NHS-ester labeled
fluorophores in PBS buffer (pH 8.4, Sigma-Aldrich, The Netherlands) to a final
concentration of 10 pM and add to the functionalized surfaces. After the reaction time
of 1 h, we wash the substrates three times each with PBS/TWEEN® buffer (pH 7.4) and
DI water to remove residual physisorbed molecules, and dry under a N2 stream. For
GPDMES-coated and PEGylated surfaces, we add 10 uM of amino-labeled fluorophores
to PBS buffer (pH 7.4) and MES/EDC buffer (100 mM MES (pH 4.7) containing 50 mM
EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimid, Sigma-Aldrich)), respectively,
and the fluorophore coupling reactions take place for 1 h. We wash the substrates with
PBS/TWEEN® buffer (pH 7.4) and DI water, followed by drying under a N: stream, as
stated before.

We perform the fluorescence measurements of the functionalized surfaces and
nanocylinders using an epifluorescence microscope (IX-81, Olympus, The Netherlands)
equipped with a Peltier-cooled back-illuminated electron multiplying charge coupled
device (EMCCD) camera (IXON, 512 x 512 pixels, Andor, Ireland), in combination with
an oil-immersion objective lens (100x/NA1.3, UPLNFLN, Olympus, The Netherlands).
The fluorophores are excited using a diode laser (A = 640 nm, Cell Laser System,
Olympus, The Netherlands). For quantitative measurements, we measure the
fluorescence intensity (in photon counts per second) of an area of 12.5 x 12.5 pm? for
different square micro-patterns on each sample. We calculate the average intensity -
normalized to the area of 1 pm2? - and the corresponding standard deviations to
compare the different linker molecule coverages (Supplementary Fig. S3.5).

3.6.1.5. Preparation of DNA construct for OTW experiments

We carry out the DNA extension and supercoiling measurements (Fig. 3.5) on a linear
21.8 kbp DNA that contains biotin and digoxigenin modified nucleotides (biotin-16-
dUTP and digoxigenin-11-dUTP, respectively, Roche Diagnostics, The Netherlands) at
the opposite extremities (600 bp each). We prepare the DNA by ligating the biotin- and
digoxigenin-enriched handles to a 20.6 kbp DNA fragment that is obtained via a
Notl/Xhol digestion of Supercos1-lambda 1,2 plasmid (Agilent Technologies, USA). We
create the DNA handles by PCR amplification of a 1.2 kbp fragment from pBlueScript I
SK+ (Agilent Technologies, USA) using the primers - 5-GACCGAGATAGGGTTGAGTG
and 5-CAGGGTCGGAACAGGAGAGC - in the presence of either biotin-16-dUTP or
digoxigenin-11-dUTP. Prior to ligation using T4 DNA ligase (New England Biolabs, UK),
the biotin and digoxigenin containing handles are digested with Notl and Xhol,
respectively °.

3.6.1.6. Preparation of flow cell for OTW experiments
We perform OTW experiments (Fig. 3.5) in a custom-made flow cell assembled from
two 24 x 60 mm? borosilicate coverslips (#1.5, ~170 pum thickness, Menzel GmbH,
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Germany) separated by a single-layer Parafilm® (Sigma-Aldrich, The Netherlands)
spacer 1810, We drill two holes of ~1 mm diameter in the top coverslips using a sand
blaster, to connect with inlet and outlet tubings. Prior to flow cell assembly, we clean
the coverslips using a 4% (v/v) aqueous Hellmanex® III (Hellma GmbH, Germany)
solution and then DI water, in both cases by sonication for 20 min at 40 °C. We dry the
cleaned coverslips under a N2 stream. For the bottom coverslips, we perform surface
functionalization to attach biomolecules. To increase the density of surface hydroxyl
groups, which allows for denser, more homogeneous functionalization, we treat the
bottom coverslips with Oz plasma (Plasma-PREEN I) for 1 min with Oz flow rate of 3
scfh and RF power of 200 W. We incubate these coverslips in DMSO solution containing
5 M ETA for 12 h at room temperature. Afterwards, we wash the functionalized
coverslips thoroughly with DI water and dry them under a N2 stream. Single-layer
Parafilm® spacers are prepared by cutting out the desired flow cell channel shape,
which is properly aligned to the holes in the top coverslips. Finally, we assemble the
flow cells and seal the channels by melting the Parafilm® spacers between the
coverslips on a hotplate for 30 s at 90 °C.

3.6.1.7. Bioconjugation of DNA to single-crystal TiOz nanocylinders for OTW
experiments

In an OTW, we are able to carry out the extension and coiling measurements on
individual, torsionally constrained DNA molecules.1-> We tether the DNA molecules to
the bottom surface of the flow cell channel via digoxigenin:anti-digoxigenin coupling
and to the functionalized single-crystal rutile TiOz nanocylinders via biotin:streptavidin
coupling (Fig. 3.5a). To do so, we perform three steps. First, we PEGylate the ETA-
coated flow cell channel both to covalently attach digoxigenin antibodies and to ensure
an effective surface passivation against non-specific physisorption of streptavidin-
coated TiOz nanocylinders. We achieve this by incubating the channel with 2 mM PEG
dissolved in 100 mM MES buffer (pH 4.7) for 1 h. After washing with DI water, we
incubate for 1 h with 8 pM digoxigenin IgG antibodies (Roche Diagnostics, The
Netherlands) dissolved in MES/EDC buffer (pH 4.7). We wash the channel with PBS
buffer (pH 7.4) and incubate BlockAid™ (Life Technologies, USA) for 1 h for additional
surface passivation. Subsequently, we wash the channel with PBS buffer (pH 7.4).
Second, we attach individual DNA molecules via the digoxigenin handles to the
digoxigenin antibody-covered flow cell channel by incubating 5 pM of DNA for 1 h. We
remove non-specifically adhered DNA molecules by washing the channel with PBS
buffer (pH 7.4). Third, we attach the DNA via the biotinylated handles to the
streptavidin-coated TiO2 nanocylinders (Methods) by incubating them in the flow cell
channel for ~30 min. We remove non-attached nanocylinders by flushing 1:1 diluted
(v/v) BlockAid™ in PBS/Triton™ buffer (pH 7.4). We perform all DNA extension and
coiling measurements in PBS/Triton™ buffer.
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3.6.1.8. OTW instrumentation and DNA measurements with single-crystal TiO:
nanocylinders

For optical trapping of single-crystal TiOz nanocylinders in our OTW setup (Fig. 3.5b,c),
we expand and collimate a linearly polarized laser (A = 1064 nm, Compass CW 1064-
4000M, Coherent, The Netherlands) beam using a beam expander (4401-181-000-20,
LINOS, Germany) to fill properly the input aperture of an objective lens (60x/NA1.2,
CFI-PLAN-APO-VC-60XA-WI, Nikon, The Netherlands). The power entering the
objective lens is always set to 100 mW during experiments. The objective lens focuses
the laser beam into a flow cell, generating an optical trap.

To calibrate the optical trap, we monitor the fluctuations of an isolated, optically
trapped TiOz nanocylinder using a position-sensitive detector (PSD) (DL100-7PCBA3,
Pacific Silicon Sensor, The Netherlands) that acquires at 100 kHz (Supplementary Fig.
$3.7). The nanocylinder trapping position is ~7 pm above from the bottom surface of
the flow cell channel, to conserve the similar measurement conditions with the case of
DNA-tethered nanocylinders . We can calculate the restoring force acting on a
nanocylinder displaced from the trap center, by multiplying the measured
displacement with the calibrated trap stiffness. Precise linear translation of the flow cell
is possible using a piezo-actuator (P-517.3CD, Physik Instrumente, Germany) in X, y,
and z directions.

For the force-induced DNA-extension experiments, we move the flow cell along
the axis of laser beam propagation (axial direction) at a constant speed (~1 pm/s) while
maintaining the laser beam at a fixed position. As the flow cell moves away from the
laser beam focus, the increased DNA-tethered nanocylinder’s displacement from the
trap center induces higher axial force to the DNA molecule. For the DNA coiling
experiments, a constant axial force should be applied to the trapped, DNA-tethered
nanocylinder since whether the DNA twists or forms plectonemic supercoils strongly
influenced by the tension applied to the molecule 12. We use a feedback loop between
the piezo-actuator and PSD to clamp the axial force at the specified setpoint. By
simultaneously rotating the linear input polarization of the laser beam, we apply torque
to the TiO2 nanocylinder, coiling the DNA molecule. The polarization can be rotated
either by manual rotation of a half-wave plate (PWPS-1064-10-2, CVI Melles Griot,
Germany), or by a fast electro-optical modulator (EOM) (LM 0202-LT, LINOS, Germany)
in combination with quarter-wave plates (PWPS-1064-10-4, CVI Melles Griot,
Germany).
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3.6.2. Supplementary Tables

Table S3.1. Dry etching conditions for single-crystal TiO2 during optimization of the
CHF3-RIE process.?

CHF3 0: Ar RF Chamber TiO2 Cr Etch
Sample flow flow flow power pressure etch rate etch rate selectivity

[scem] [scem] [scem] W] [ubar] [nm/min] [nm/min] [Ti02:Cr]
Ral 50 5 30 200 50 68 3.7 18
Ra2 50 5 30 165 50 58 3.2 18
Ra3 50 5 30 100 50 30 1.7 18
Ra4 50 5 30 200 10 30 8.3 4
Rb1 50 5 30 200 50 77 4.1 19
Rb2 50 5 0 200 50 73 3.5 21

3) The bold red numbers denote altered process parameters compared to the reference samples (Ral and Rb1).

Dry etching conditions for single-crystal TiOz during optimization of the CHFs-RIE
process

We show the representative etching conditions (Supplementary Table S3.1) used
during optimization of the CHFs-based plasma etching of single-crystal TiOz in an RIE
system. Throughout the optimization, we fix the flow rate of CHF3 gas, the main etchant,
at the maximum value of 50 sccm, and set the flow rate of Oz gas at 5 sccm which is the
median value of our target range (0-10 sccm). More accurate comparisons are possible
within the same batches of the applied Cr etch mask, designated as Ra (H: 100 nm, D:
535 nm) and Rb (H: 100 nm, D: 345 nm). The samples Ral and Rb1 are the reference
samples, while the other samples differ by a single process parameter (designated as
bold red numbers in Supplementary Table S3.1).

As an elevated RF power increases the etch rates of TiO; while maintaining
nearly constant etch selectivity (compare samples Ral, Ra2, and Ra3 in
Supplementary Table S3.1), we select the highest available power (200 W). We find
that an increase in the chamber pressure (from 10 to 50 pbar) enhances the etch
selectivity by increasing the TiO2 etch rates and decreasing the Cr etch rates (compare
samples Ral and Ra4 in Supplementary Table S3.1). However, we do not utilize
chamber pressures exceeding 50 pbar, as higher values result in excessive deposition
of fluorocarbon passivation layers 13 that are sufficiently thick to reduce the TiO: etch
rates again. With these parameters fixed, we vary the gas composition. The addition of
Ar gas, which results in harsher physical etching by heavy ions, generally increases etch
rates.!* Indeed, upon its addition (at 30 sccm) both the Cr and TiO: etch rates are
increased; however, as the increase in the Cr etch rate surpasses that of TiOz a
deteriorated etch selectivity results (compare samples Rb1 and Rb2 in Supplementary
Table $3.1). Our optimized process condition thus consists of CHF3 at 50 sccm, a
chamber pressure of 50 pbar, and an RF power of 200 W. With these fixed parameters,
we vary Oz gas flow rate from 0 sccm to 10 sccm to control sidewall profiles
(Supplementary Fig. $3.3), and vertical sidewall can be obtained with 0.5 sccm of Oa.
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Table S$3.2. Dry etching conditions for single-crystal TiO2 nanofabrication. 2

Etching

Fi
lgure System

Etching conditions

Cr etch mask (H: 45 nm, D: 175 nm), CHF3:0; = 50:0.5 sccm, RF 200 W,

Fig. 3.2a F1 chamber pressure 50 pbar, DC bias -950 V, etch time 11 min (optimized).

Cr etch mask (H: 100 nm, D: 255 nm), CHF3:02 = 50:8 sccm, RF 200 W,

Fig. 3.2b k2 chamber pressure 50 pbar, DC bias -1100 V, etch time 15 min (optimized).

Cr etch mask (H: 100 nm, D: 535 nm), CHF3:02:Ar = 50:5:30 sccm, RF 165 W,

Fig. 3.2¢ F1 chamber pressure 50 pbar, DC bias -855 V, etch time 15 min.

Cr etch mask (H: 100 nm, D: 535 nm), SFe:CH4:Ar = 15:30:50 sccm,

Fig. 3.2d F3 ICP:RF = 2500:300 W, chamber pressure 30 pbar, DC bias -50 V, etch time 10
min, sample holder temperature 0 °C, chamber temperature 200 °C.

Cr etch mask (H: 130 nm, D: 185 nm), SFe:He = 50:100 sccm, ICP:RF = 800:200
Fig. 3.2e F4 W, chamber pressure 50 pbar, DC bias -475 V, etch time 12 min, chamber
temperature 25 °C.

Cr etch mask (H: 120 nm, D: 205 nm), SFe:He = 20:100 sccm, ICP:RF = 300:300
Fig. 3.2f F4 W, chamber pressure 100 pbar, DC bias -835 V, etch time 4 min, chamber
temperature 25 °C (optimized).

Cr etch mask (H: 60 nm, D: 220 nm), CHF3:02 = 50:4 sccm, RF 200 W,

Fig. 3.3 k2 chamber pressure 50 pbar, DC bias -1100 V, etch time 15 min (optimized).

Fig. 3.5 F4 Cr etch mask, the same etching condition as Fig. 3.2f (SFs).

Various etch mask materials, SF6:CH4:Ar = 15:30:50 sccm, ICP:RF = 1500:250 W,
Fig. $3.2 F3 chamber pressure 30 pbar, DC bias -55 V, etch time 10 min,
sample holder temperature 0 °C, chamber temperature 200 °C.

Cr etch mask (H: 100 nm, D: 345 nm), the same etching condition as Fig. 3.2a
Fig. S3.3 F1 (CHF3), except for the etch time (15 min) and the O2 gas flow rate (0, 0.5, 1, 5, or
10 sccm).

Cr etch mask (H: 30 nm, D: 190 nm), the same etching condition as Fig. 3.3

Fig. §3.4 k2 (CHFs), except for the etch time (8 min).

Fig. §3.7 F4 Cr etch mask, the same etching condition as Fig. 3.2f (SFs).

a) The bold red letters denote the main etchant gas in each condition.

Dry etching conditions for single-crystal TiOz nanofabrication

We use etching systems that are denoted as F1 (Fluor Z401S, Leybold Heraeus,
Germany), F2 (Fluor Z401S, Leybold Heraeus, Germany), F3 (AMS100 I-speeder, Adixen,
France), and F4 (Plasmalab System 100, Oxford Instr.,, UK). The F1 and F2 are two
nominally identical RIE systems, while F3 and F4 are two distinct ICP-RIE systems. We
summarize the etching conditions for each batch of TiO2 nanocylinders in
Supplementary Table S3.2.
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Table S$3.3. Dimensional analysis of high and low aspect-ratio TiOz nanocylinders.

Statistical Top Bottom . Top Bottom
Sample . K Height Volume
parameter | diameter | diameter roundness | roundness
Average 151 nm 215 nm 652 nm 0.97 0.98 0.017 pum3
Fig:33 1" ocalRsD | 4.4% 2.3% 0.6% 1.0% 0.5% 4.5%
(15 min etch)
Global RSD 4.7% 2.7% 1.4% 1.1% 0.5% 5.2%
Average 149 nm 187 nm 273 nm 0.98 0.99 0.006 um3
Fig:S3.4 17/ aIRSD | 15% 0.9% 13% 0.5% 0.3% 2.1%
(8 min etch)
Global RSD 2.4% 1.7% 3.1% 0.6% 0.4% 4.1%

Dimensional analysis of high and low aspect-ratio TiOz nanocylinders

We have analyzed SEM images of high and low aspect-ratio nanocylinder batches to
quantify both the local and global structural uniformity. We summarize the obtained
statistical parameters for each batch of TiO2 nanocylinders in Supplementary Table
$3.3, and present the corresponding graphs in Fig. 3.3d-f (high aspect-ratio: 3.6) and
Supplementary Fig. $3.4d-i (low aspect-ratio: 1.6).
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3.6.3. Supplementary Figures
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Figure S3.1. Diverse applications of TiO; at the nanoscale. (a) Overview of the chemical, electrical, and optical
properties that make TiO2 a versatile material for different applications. (b) Illustrations of nanoscale
applications of TiO2 (yellow). Top, left to right: a TiO2 nanoparticle serves as a photocatalyst for water splitting
into oxygen and hydrogen gases (4v: input radiation energy, CB: conduction band, VB: valence band, e
electron, h*: hole); a TiO2 nanopillar array acts as a gas sensor (gray: metal electrodes, green: gas molecules,
A: current as a sensing signal); a TiO: thin film acts as a tunable resistance material in a resistive random
access memory device (gray: metal electrodes, orange: TiOzx, V: voltage as a read/write signal); a TiO2 thin
film can be used as a channel layer in a transparent transistor (gray: metal electrodes, blue: gate insulator,
purple: transparent electrode, Vs, Vb, and Ve denote voltages at source, drain, and gate terminals, respectively).
Bottom, left to right: a TiO2 nanorod array acts as a photoanode in a solar cell (4v: radiation energy from the
sun, gray: metal electrode, purple: transparent electrode, magenta: sensitization layer e.g. dye molecules or
quantum dots, brown: electrolyte, A: current as converted energy); a nanostructured TiO: forms the core of
a strip waveguide to support lightwave propagation (blue: cladding layers, red: confined lightwave); a two-
dimensional TiO2 photonic crystal slab used to manipulate the flow of lightwave (blue: cladding layers, red:
confined lightwave); an optically trapped TiOz nanoparticle used as a force transducer (red: focused laser
beam, dotted circle: trap center, F: force induced by the displacement of the nanoparticle).
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Figure S3.2. The etch rates and etch selectivities of different mask materials. (a) The etch rates for substrate
(blue bars) materials (TiOz: (100)-cut rutile single crystal, ~140 nm/min; SiOz: X-cut quartz single crystal,
~220 nm/min) and mask (red bars) materials (a-Si: amorphous silicon layer deposited by a plasma-enhanced
chemical vapor deposition system (Plasmalab 80 Plus, Oxford Instr., UK), ~300 nm/min; ER: spin-coated and
baked e-beam resist layer (NEB-22A2E, Sumitomo Chemical, Belgium), ~110 nm/min; W: tungsten layer
deposited by an e-beam evaporator (Temescal FC-2000, Ferrotec, Germany), ~60 nm/min; Cr: chromium
layer deposited by the same evaporator, ~5 nm/min). All results are obtained under the same dry etching
conditions (using the F3 etching system; etching conditions in Supplementary Table S3.2). (b) Etch
selectivity of each mask material for single-crystal TiO: dry etching, which is the etch rate of TiO2 divided by
that of the mask material (a-Si: 0.5, ER: 1.3, W: 2.3, Cr: 28).
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Figure S3.3. Control of sidewall profiles and etch characteristics in single-crystal TiO. nanocylinders by
variation of Oz flow rate in the CHF3-RIE process. (a-e) SEM images of single-crystal TiO2 nanocylinders
produced under identical etching conditions (using the F1 etching system; etching conditions in
Supplementary Table $3.2) apart from the O2 flow rate (values shown at the bottom of each image). Scale
bars denote 500 nm. Top surfaces of the nanocylinders are marked with yellow lines because the remaining
Cr masks are also visible in these images. The insets in top-right corner illustrate (to scale) the corresponding
three-dimensional shapes of the nanocylinder SEM images. The types of obtained nanocylinder shapes
include (@) positive sidewall angles, (b) vertical sidewall angles, (c) negative sidewall angles, (d) symmetric
hourglass shapes, and (e) asymmetric hourglass shapes. In (b) and (e), the insets in top-left corner (scale
bars denote 500 nm) show top-view SEM images of nanocylinders cut at their middle, displaying cross-
sections that are (b) circular or (e) diamond-shaped. (f) For the analysis of sidewall angles (8), we use two-
dimensional models as defined here. The definition of sidewall angles is illustrated for the cases of positive,
vertical, and negative angles, using the measured heights (H) and diameters of top (D) and bottom (Ds). The
hourglass-shaped nanocylinders possess two sidewall angles and heights for both top (6, Ht) and bottom (8b,
Hb) sides, and an additional waist diameter (Dw). (g-i) The etch characteristics are shown as a function of the
02 flow rate: the etch rates of (g) TiOz, (h) Cr, and (i) the resulting etch selectivities (Ti02:Cr). The measured
dimensions extracted from the SEM images (a-e) are as follows: (a) De: 285 nm, Dp: 395 nm, H: 500 nm, 6:
84°; (b) Dt = Dp: 275 nm, H: 545, 6: 90°; (c) Di: 305 nm, Dy: 260 nm, H: 520 nm, 8: -88°; (d) D: = Dv: 260 nm,
Dw: 175 nm, H; = Hp: 555 nm, -6¢ = 0y: 86°; (€) Du: 245 nm, Dp: 370 nm, Dw: 135 nm, He: 385 nm, Hp: 1085 nm,
61 -82°, Bb: 84°.

Control mechanism for sidewall profiles in CHFs-etched single-crystal TiO:
nanocylinders

We observe that tuning the Oz flow rate during the single-crystal TiOz etching process
allows us to control the sidewall profile of the nanostructures. We attribute the
formation of different sidewall profiles (positive, vertical, negative, and hourglass-
shaped) to underlying changes in the thickness of a sidewall passivation layer that
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result from the interplay between CHF3 and Oz plasma. The thickness variation permits
both the formation of positive sidewall angles in the absence of 02 flow and the
formation of vertical (or negative) sidewall angles at an Oz flow of 0.5 (1.0) sccm
(Supplementary Fig. S3.3a-c). The hourglass-shaped etch profiles likely result from
substantially reduced TiOz surface passivation combined with the random trajectories
of reactive ions 1516 (Supplementary Fig. $3.3d,e).

Control mechanism for cross-sectional shapes and etch selectivity in CHF3-etched

single-crystal TiOz nanocylinders 3
We find that the single-crystal TiOz nanocylinders etched atlow Oz flow rates (0-1 sccm)

exhibit circular cross-sections (Supplementary Fig. S3.3b, inset in top-left corner),
while those etched at high O: flow rates (5-10 sccm) feature diamond-shaped cross-
sections (Supplementary Fig. S3.3e, inset in top-left corner). These differences may
result from changes in the predominant etching mode: at low O2 flow rates, the initial
shape of the etch masks (circular in the case of Supplementary Fig. S3.3) should be
directly transferred to the etched nanostructures, as the dominance of physical etching
by ion bombardment results in the same etch rate independently of crystallographic
orientation; conversely, at high Oz flow rates, chemical etching may predominate than
physical etching, resulting in etch rates that vary per orientation of the crystal planes in
the single-crystal TiOz substrates 17. Moreover, the above reasoning is supported by the
fact that TiOz etch rates (Supplementary Fig. $3.3g) increase significantly (~3-fold)
while Cr etch rates (Supplementary Fig. $3.3h) remain nearly the constant (~3
nm/min), as we increase Oz flow rate. The removal of Cr mask layer is possible only by
the physical etching but not by the chemical etching based on fluorine chemistry while
both etching modes induce TiO2z etching. We attribute this to a decreased thickness of
the CHF3 plasma-generated fluorocarbon passivation layer on TiO2 surfaces in the
presence of Oz plasma 18. As such a layer protects TiOz surfaces from chemical reaction
with etching species, its decreased thickness results in an increase of the TiOz etch rates
whilst those of Cr remain nearly unaffected, enhancing etch selectivity
(Supplementary Fig. $S3.3i).

The reproducibility of different sidewall profiles in CHF3-etched single-crystal
TiOz nanocylinders

A repetition of this experiment in the second nominally identical RIE system yields the
similar trends but at slightly altered Oz flow rates (using the F2 etching system; etching
conditions in Supplementary Table S3.2). For example, etching nanocylinders with
vertical sidewall angles requires an Oz flow rate of 4-8 sccm (compared to ~0.5 sccm
in the first RIE system (Supplementary Fig. $3.3b)). Similarly, etching nanocylinders
into hourglass-shapes requires an Oz flow rate of ~16 sccm (compared to 5-10 sccm in
the first RIE system (Supplementary Fig. $3.3d,e)). We attribute these discrepancies
in parameters to the differences in instrument calibration, e.g. of the mass flow
controllers for the control and measurement of Oz flow rates.
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Figure $3.4. Dimensions of fabricated single-crystal TiOz nanocylinders. (a-c) SEM images of etched single-
crystal TiOz nanocylinders (light gray). Scale bars denote 1 um. (a) Top-view of a single-crystal TiOz substrate
with partially cleaved nanocylinders. An array of rigidly fixed nanocylinders is visible in the top left corner,
and the cleaved substrate surface is bottom right corner. The released nanocylinders are positioned at the
interface of these regions. (b) Top-view of a substrate with etched nanocylinders. The inset shows a zoom-in
as an example for image analysis. The red (blue) contour, dotted line, and dot represent the boundary,
equivalent radius, and center of nanocylinder top (bottom) surface, respectively. (c) Tilted-view (60°) of a
substrate with etched nanocylinders. The green dotted horizontal lines are crossing the centers of top and
bottom surfaces, and the green vertical line indicates the height that will be converted to the actual height
considering the tilting angle. (d-i) Nanocylinder dimensions extracted from the SEM images. The graphs
display the (d) top diameter, (e) bottom diameter, (f) height, (g) top roundness, (h) bottom roundness, and
(i) volume as a function of the radial distance from the substrate center. The roundness (defined as 4mA/P?,
A: area, P: perimeter) measures how closely the shape of a nanocylinder’s cross section resembles that of a
circle, where 1 corresponds to a perfect circle and smaller values imply deviations from circular.
Measurement points are spaced by 0.5 mm from the center of the substrate to its edge. At each point, the
diameters (heights) are calculated from n = 12 (n = 10) different nanocylinders. The square markers and the
error bars in the graphs represent the mean and the standard deviation of the local uniformity, respectively.
The horizontal dotted black lines and the top and bottom sides of the gray shaded boxes in the graphs
represent the mean and the standard deviation of the global uniformity, respectively.

Distributions of fabricated single-crystal TiOz nanocylinder dimensions

The comparison between single-crystal TiO2 nanocylinder dimensions presented in
Supplementary Fig. S3.4 and those presented earlier (Fig. 3.3) provides more
information for the analysis of the nanocylinder dimensions. We etch the different
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batches of nanocylinders under the same conditions, except for the etch duration
(Supplementary Table S3.2). The etch time of the nanocylinders analyzed in
Supplementary Fig. S3.4 (8 min) is approximately twice less than that of the
nanocylinders shown in Fig. 3.3 (15 min). Both etch times demonstrate a similar trend
regarding the nanocylinder dimensions (analysis results are summarized in
Supplementary Table S3.3). The observed irregular Cr mask erosion effect, which
depends on the roughness of the mask surface, causes stronger deformation of the top
surface geometry than the bottom of the nanocylinders; we expect that the bottom
surface geometry is mostly determined by the initial round shape of etch mask while
the top surface geometry is the same as the eroded etch mask until the end of the
etching process. This geometry deformation is also observable in the roundness
analysis, in which the top roundness values are smaller than the bottom roundness
values for both batches of nanocylinders. For this reason, the top diameters show less
local uniformity than the bottom diameters. As this effect is more profound for
extended etch times, etch time of 15 min results in less local uniformity than etch time
of 8 min for both top and bottom diameters. For each measurement point, the top and
bottom diameters are directly correlated as observable in Supplementary Fig. $3.4
and Fig. 3.3. However, variations in the top and bottom diameters across a substrate
are random, possibly due to the instability of e-beam size or current during e-beam
patterning process. Regardless of these variations, the top and bottom diameters
exhibit still high global uniformity for both batches of nanocylinders (RSD <5%), which
lie in the same order of magnitude as their local uniformity. Further, we observe high
global uniformity in nanocylinder heights across the substrates (RSD <3%) regardless
of the loading effect. These excellent global uniformity in both diameters and heights
leads to nanocylinder volumes with high global uniformity (RSD <5%) across a
substrate which is desirable for the application of torque in an OTW 1.
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Figure S3.5. Quantitative comparison of surface functionalization efficiencies on single-crystal TiO: for
different linker molecules. (a) Schematic of the different functionalization strategies. At left, the TiOz (or other
oxide materials, e.g. SiO2) surface provides hydroxyl groups (-OH) to which the linkers bind covalently. In the
center, the used linker molecules (ETA, GPDMES, APDMES, and BADMSCP) are shown with their molecular
structures, including the PEGylation of ETA-coated surface. At right, target molecules are NHS-ester or amine
modified ATTO 647N fluorophores (F), binding to the different functional group of each linker
(Supplementary Methods). The fluorophores allow quantitative measurements via fluorescence
microscopy. However, in the same manner, other organic molecules, such as biomolecules or polymers, can
be bound to the surface linkers. (b) Quantitative comparison of differently functionalized single-crystal rutile
TiO2 (red bars) and quartz SiOz (blue squares) substrates. The measured fluorescence intensity represents
the surface coating density while the error bar (standard deviation) reflects the homogeneity of the coatings
(Supplementary Methods).

Comparison of TiOz and SiO: in surface functionalization efficiency

It is known that TiOz has lower functionalization efficiency compared to other widely
used oxide materials, e.g. SiO2 and Al20s 1920 To quantify this difference in
functionalization efficiency, we compare the surface coating efficiency of TiO2 (rutile)
with that of SiOz (quartz). We select two linkers for this comparison: ETA, based on its
highest coating efficiency on TiO2z surfaces (Supplementary Fig. $3.5b), and GPDMES
that we used for TiO:z nanostructure functionalization (Fig. 3.4c) and OTW
measurements (Fig. 3.5). For SiOz substrates, which are functionalized under the same
conditions as TiO2, both ETA and GPDMES coatings show ~30% higher
functionalization density than on TiO2. However, the coating efficiencies of TiOz are
sufficient to perform single molecule OTW experiments (Fig. 3.5b,c). If higher coating
density is required, TiO2 substrates can be treated with extended O plasma-treatment
time to increase the density of surface hydroxyl groups 29.



53

az T T e = e T T
= Non-coated =
> L . > L -
5 30 DI water k- 30 DI water
[= c
o 1}
£ 20f : £ 20t .
=
2 2
B 10f . B 10f .
[7] [)
=S =}
[ [
[6] Q
@ 0 I : w0 T T
10" 102 10° 10* 10" 10° 10° 10
Nanocylinder size [nm] Nanocylinder size [nm]
b ¥ T T f = 20F ™ ' ] 3
= Non-coated = PEG + Biotin
% 151 DI water + BSA 7 8 PBS
= c 15F 1
[ ] Q
= E
= 10 b = L i
5 & 10
B st - B sk ]
[0] [)
£ £
(1] ©
[&] O
@0 A ; ® 0 T .
10’ 102 10° 10 10’ 107 103 10*
Nanocylinder size [nm] Nanocylinder size [nm]
cC T T g = T T
< 40| Non-coated J = 5oL PEG+DNA
3 PBS @ [ PBS 1
c c
L 30f - 2
= = 20f .
o 20f - =)
3 B 10f 1
g or l g
© [
o O
w 0 - n w0 I I
10 102 10° 10 10! 10? 10° 10
Nanocylinder size [nm] Nanocylinder size [nm]
dz T T h T T
= Non-coated = GPDMES + Streptavidin
£ 15[ PBS +BSA 1 £ 30r pgs 1
c c
a8 a
< 1of 1 = 20p 1
= =y
2 2
T st 1 B 10f 1
2 2
8 3
0 oL 1 1 w 0 1 I
10! 102 10° 10 10’ 102 103 10*
Nanocylinder size [nm] Nanocylinder size [nm]
| 0 min 2 min 4 min 6 min 8 min_|

Figure $3.6. DLS measurements of single-crystal TiOz nanocylinder aggregation in relation to surface
coatings and buffer conditions. In the DLS graphs, each curve is an average of 10 measurements with a
duration of 10 s each, with 2 min between successive curves (see legend at bottom of figure). Each green
shaded box within the panels displays the range of nanocylinder sizes measured previously in SEM (left edge:
diameter, right edge: height). Top-left corner denotes the individual test conditions, which are surface coating
(15t row) and buffer solution (2" row). (a-d) Results for non-coated nanocylinders dispersed in (a) DI water,
(b) DI water with 2% (m/v) BSA (New England Biolabs, UK), (c) PBS buffer (pH 7.4), and (d) PBS buffer (pH
7.4) with 2% BSA. (e-g) DLS data for PEGylated nanocylinders in (e) DI water, and in PBS buffer (pH 7.4)
after bioconjugation with (f) biotin and (g) DNA. (h) Result for GPDMES-coated nanocylinders with bound
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streptavidin in PBS buffer (pH 7.4): this condition is used for the presented single-molecule OTW experiments
(Fig. 3.5). The SEM-measured nanocylinder dimensions are as follows where D (H) denotes diameters
(heights): (a,b,d) D: ~110 nm, H: ~430 nm; (c,e) D: ~195 nm, H: ~585 nm; (f) D: ~255 nm, H: ~625 nm; (g)
D: ~290 nm, H: ~460 nm; (h) D: ~105 nm, H: ~505 nm.

Measurements and analysis of DLS data

We probe the aggregation of cleaved, isolated single-crystal TiO2 nanocylinders with
different surface coatings and buffer solutions via DLS (Zetasizer Nano ZS, Malvern, UK).
We compare the degree of nanocylinder aggregations by characterizing the
nanocylinder size distributions with 173° backscattering angle at 25 °C. To achieve
monodispersed nanocylinders in aqueous solution, we vortex the nanocylinder
solutions for 1 min before each measurement. However, for the nanocylinders in
Supplementary Fig. $3.6a and Supplementary Fig. S3.6b, vortexing is insufficient to
obtain monodispersity. For these samples, we sonicate the solutions for 10 min before
measurements. We attribute the mismatch between nanocylinder dimensions (green
boxes) based on SEM image analysis and size measurements via DLS to the highly
scattering nature of TiOz and non-spherical shape of the nanocylinders. Besides the
aggregated nanocylinder solutions (Supplementary Fig. S3.6a,b,d) which are
apparent from the severe broadening of the size distributions, the monodispersed
nanocylinder solutions (Supplementary Fig. S3.6c,e-h) exhibit only sedimentation of
nanocylinders over time, observable by intensity decrease.
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Figure S3.7. Optical trap calibration of single-crystal TiOz nanocylinders. The power spectral density (gray
curve) of a trapped TiO2 nanocylinder with a Lorentzian fit (red dotted line) provides corner frequency (f.)
and baseline amplitude (4s). A piezo stage drives the flow cell sinusoidally in time (with amplitude of 0.1 pm
and frequency of 25 Hz) along the z-axis (inset) to induce a drag force to the trapped nanocylinder. The
driving frequency (fs) of this modulation appears as a spike in the power spectrum (blue arrow), with
amplitude Aq. Analysis of the three measured values (4s, A4, and fc) yields the three necessary parameters for
the force calibration in an OTW: nanocylinder drag coefficient, PSD sensitivity, and trap stiffness 21
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Enhanced Linear and Angular
Optical Trapping Using Single-Crystal
Rutile TiO2 Nanocylinders

Optical trapping of (sub)micron-sized particles is broadly employed in nanoscience and
engineering. The materials commonly employed for these particles, however, have
physical properties that limit the transfer of linear or angular momentum (or both).
This reduces the magnitude of forces and torques, and the spatiotemporal resolution,
achievable in linear and angular traps. Here, we overcome these limitations through the
use of single-crystal rutile TiO2, which has an exceptionally large optical birefringence,
a high index of refraction, good chemical stability, and is amenable to geometric control
at the nanoscale. We show that rutile TiOz nanocylinders form powerful joint force and
torque transducers in aqueous environments by using only moderate laser powers to
apply nN-nm torques at kHz rotational frequencies to tightly trapped particles. In doing
so, we demonstrate how rutile TiOz nanocylinders outperform other materials and offer
unprecedented opportunities to expand the control of optical force and torque at the
nanoscale.

This chapter has been submitted as: Seungkyu Ha*, Ying Tang*, Maarten M. van Oene, Richard Janissen,
Roland M. Dries, Belen Solano, Aureéle . L. Adam, and Nynke H. Dekker, “Enhanced Linear and Angular Optical
Trapping Using Single-Crystal Rutile TiO2 Nanocylinders” (2018). (*equal contribution)
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4.1. Introduction

The ability of optical tweezers to apply torque to, and thereby control the rotation of,
micron- scale (or smaller) particles 34 complements their well-known control of force
and position and provides the opportunities for diverse novel applications at the
nanoscale. For example, in biological physics, angular optical tweezers have been
utilized in single-molecule torque spectroscopy > ¢, rotational microrheology 7, and in
the manipulation of cellular growth dynamics 8 In quantum physics, rotational
optomechanical effects within angular optical traps ° are under active investigation.
And in engineering applications, angular optical tweezers enable optically-driven
microfluidic actuators such as micro-gears 19 and fluidic pumps 1.

Linear optical tweezers achieve stable 3D-trapping of either dielectric or metal
particles using Gaussian (TEMoo) beams, and have been extensively described 2. To
achieve additional angular optical control, specialized forms of laser beams or trapping
particles (or both) are required ¢. One of the most practical implementations for angular
optical tweezers makes use of a linearly polarized Gaussian beam together with
optically anisotropic (i.e., birefringent) dielectric particles 2 13-16, This choice of beam
enables straightforward control of torque and angle 2 14 while obviating mode changes
(e.g., into the Laguerre-Gaussian mode) 17 or modulation of the laser beam power 18.
While metal particles have been successfully trapped and rotated 19 20, the use of
dielectric particles presents several advantages. Firstly, torque detection is direct
because only dielectric materials have transmitted light components that are
proportional to the transfer of angular momentum 6. Secondly, highly transparent
dielectric materials do not suffer from the extreme heating of absorptive metals 21.
Thirdly, the reduced light scattering from dielectric materials relative to metals is more
favorable for three-dimensional (3D) trapping. Extensive scattering from metals
destabilizes axial trapping, and hence metal particles with dimensions exceeding a few
hundred nanometers support only two-dimensional (2D) trapping 1 29. Finally, unlike
inherently isotropic metals, optically anisotropic dielectric crystals make it possible to
simultaneously confine all three rotational degrees of freedom (RDOF), which is
advantageous for high-accuracy sensing applications. Among the wide range of
dielectric materials, uniaxial crystals such as quartz SiOz have been popular choices due
to their well-defined refractive index (n), birefringence (An), and optic axis °.

Nonetheless, the full potential of combined linear and angular optical
manipulation using dielectric force and torque transducers has not been achieved due
to the limited performance offered by conventional dielectric materials. For example,
quartz SiOz has a relatively low index of refraction (n = 1.54) that limits the efficient
transfer of linear momentum (and hence the achievable maximum force 2% 23), as well
as a low birefringence (An = 0.009) that prohibits the efficient transfer of angular
momentum (limiting the achievable maximum torque ¢). Other materials, e.g., vaterite
or calcite CaCOs, have higher birefringence (An = 0.1 or |An| = 0.16, respectively), but a
similarly low refractive index (n = 1.6 or n = 1.56, respectively) * 24 Attempts to
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overcome these material limitations have come with adverse side effects. For example,
one may compensate for inefficient momentum transfer by increasing the power (and
hence the momentum) in the input beam, but this enhances the risk of photodamage in
biological applications 25. Alternatively, one may employ larger particles to achieve
higher force and torque, but the increased frictional drag will decrease the achievable
spatiotemporal resolution in these parameters (and their conjugate variables, position
and angle) 1.

Rutile TiOz has several key features that make it a highly propitious candidate
for overcoming these drawbacks. To start, rutile TiOz exhibits the highest birefringence
(An = 0.26) 26 of all known naturally occurring dielectric crystals, ~29-fold larger than
that of quartz SiO2. Next, its refractive index (n = 2.6) 2¢ is one of the largest among
dielectric crystals, comparable to that of anatase TiOz (n = 2.5) 26, previously selected to
demonstrate the generation of very large optical forces 23, and again much larger than
that of quartz SiO2. Furthermore, rutile TiOz in its pure single-crystalline form can be
maintained at the nanoscale level via top-down fabrication 27. This makes it possible to
harness its full nominal birefringence and optical index, without any of the reduction
observed in porous poly-crystalline structures prepared by bottom-up processes 28 29,
Lastly, rutile TiOz has demonstrated bio-compatibility and bio-functionalizability and is
chemically, mechanically, and thermally stable 27. This means that it may be employed
under tougher conditions (e.g., high pressure, high temperature, or prolonged exposure
to aqueous and biological environments) relative to other birefringent materials such
as CaCOs (which dissolves in aqueous environments 24).

Here, we demonstrate how these favorable properties collectively render rutile
TiO2, when shaped into nanocylinders, into an ideal, joint transducer of optical force
and torque. To do so, we show that single-crystal rutile TiO2 nanocylinders, even those
with larger volumes, can be trapped in 3D using moderate laser powers, with no need
for secondary antireflection coatings 23 or modified optics 22 30, We then perform
measurements of differently sized nanocylinders in an optical torque wrench (OTW) 15
to quantify the applied forces and torques, which show excellent agreement with
numerical calculations based on finite element methods (FEM). This allows us to show
that tightly trapped rutile TiO2 nanocylinders outperform other available dielectric
materials by sustaining nN-nm torques at kHz rotational frequencies in aqueous
environments. This, together with the excellent joint resolution in force, torque and
their conjugate variables (exceeding 1 pN and 1 nm; 1 pN-nm and 1 degree) achieved,
expands our control of forces and torques at the nanoscale.

4.2. Results and Discussion
4.2.1. Optimization of rutile TiO:z particle geometry

In this section, we describe the optimization of rutile TiO2 nanoparticle geometry for
optical trapping. First, we describe how particle selection based on height can maximize
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the efficiency of birefringence-based torque transfer, for which the exceptionally high
birefringence of rutile TiOz is advantageous. Then we discuss how the high refractive
index of rutile TiO2 enhances the applied force compared to other commonly-used
dielectric materials. Finally, we show that a cylindrical geometry permits improved 3D
trapping and full RDOF confinement.

4.2.1.1. Large birefringence for optimal angular momentum transfer
The optical torque 7 that a linearly polarized beam can apply to a birefringent particle
with uniform thickness is given by:

T = -Asin(hkoAn)sin(26), (Equation 4.1)

where A = Seonc(Eo)?/(2w) and S is the particle cross-sectional area, & is the vacuum
permittivity, n = (ne + no)/2 is mean of the particle’s optical indices along the
extraordinary (ne) and ordinary (no) axes, c is the speed of light in vacuum, E, is the
electric field amplitude of light in the particle, and w is the angular frequency of the
input beam. In the first sine term, h is the particle height along the direction of beam
propagation, k. is the wavenumber of the input laser beam in vacuum, and An = ne - no
is the particle’s birefringence. The torque is modulated according to the offset angle 6
between the input beam linear polarization direction and the particle optic axis as
described by the second sine term, and thus the maximal torque to = Asin(hk.An)
appears at 6 = +45° Note that Eq. 4.1 does not precisely describe the torque
experienced by nanoparticles trapped at a beam focus (Supplementary Fig. S4.1), as
it is derived in the context of a plane wave that imparts angular momentum to an
infinitely wide plate (Supplementary Text S4.6.1). Nonetheless, Eq. 4.1 provides a
reasonable starting point for torque transducer design.

As Eq. 4.1 shows, for a given particle material, the particle height h can be
optimized to maximize the torque transfer efficiency. For materials with low
birefringence, the optimal particle height is excessively large (e.g., ~30 um for quartz
SiO2). This size scale not only presents a challenge to fabrication but also far exceeds
the favorable particle size range for stable 3D trapping in typical single-beam optical
tweezers, i.e, < ~1 pum, below the size of a tightly focused beam. The conventional
torque transducers of heights ~1 pm 1315 24 are made of low birefringence materials
and cannot transfer the full angular momentum carried by the laser beam (Fig. 4.1a).
However, in the case of rutile TiOz with its exceptionally large birefringence, a torque
transfer efficiency of 100% should be achievable for 1-micron particles (Fig. 4.1a).

The ability to reach larger maximal torques (7o) for smaller particles (i.e.,
particles with lower rotational drag ys) has several implications for optical torque
transducers. (i) The faster maximal rotation speed (fo = 7o/(2mys)) allows access to a
larger torque-speed space. (ii) The increased angular trap stiffness (ko = 27,) and low
drag improve measurement precision for both torque and angle, as they are
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Figure 4.1. Design principles for force and torque transducers in optical tweezers. (a) Map of the torque
transfer efficiency (|sin(hkoAn)|x100; derived from Eq. 4.1) as a function of particle height (h) and
birefringence (|An|) of different dielectric materials. The blue squares indicate the smallest particle heights
at which 100% torque transfer efficiency can be achieved (~30 um for quartz SiOz). (b) FEM-calculated
electric field intensity around nanocylinders (blue dashed line) made of different materials, located at the
laser beam focus (z = 0) in water. (c) FEM-calculated axial trapping efficiency (Q.) curves for various TiO:
nanoparticle geometries at fixed volumes. An anatase TiO2z (n = 2.3; light blue) sphere (d = 430 nm) cannot be
trapped in 3D, but it becomes trappable upon the addition of an anti-reflection coating (green), or when
reshaped (at constant volume) into a cylinder (d = 220 nm, AR = 5). A rutile TiO2 (n = 2.6; dark blue) cylinder
with the same dimensions is also trappable. The trapping orientation of each cylinder with respect to the
beam propagation direction (red arrow) is as drawn. (d) SEM micrograph (60° tilted view) of a fabricated
rutile TiOz2 nanocylinder batch prior to mechanical cleaving. The inset shows a cleaved single nanocylinder.
(e) Experimental scheme of the OTW. The x-, y-, and z-axes are in the reference frame of the nanocylinder,
which has the optic axis along the x-axis (as indicated by the extraordinary electric susceptibility x.). The laser
beam propagates along the z-axis and the optical gradient force traps the nanocylinder in 3D. When a nonzero
offset angle 6 exists between the optic axis and the direction of the input beam linear polarization (electric
field vector E in the xy-plane), the optical torque is applied on the nanocylinder.

proportional to (ye)1/2 and (ye)'/2/ke, respectively 1. (iii) The shorter angular trap
relaxation time (t.6 = yo/ko) results in enhanced temporal resolution 1.

4.2.1.2. Large refractive index for enhanced linear momentum transfer

Compared to conventional dielectric materials employed in angular trapping such as
quartz SiOz, vaterite CaCOs, and calcite CaCOs3 (n = 1.5-1.6), rutile TiO2 possesses a
substantially larger optical index (n = 2.6 on average) 2¢. This implies a larger index
difference with the surrounding medium (e.g., water, n = 1.33) and correspondingly
stiffer linear trapping 22 23. This can be visualized through FEM calculations (Fig. 4.1b),
which show more intense scattering at the interface between the particle and the
medium that leads to a higher field gradient and hence an enhanced trapping force.
Thus, the use of rutile TiOz enhances the transfer of not only angular but also linear
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momentum. This simultaneous enhancement is unique to rutile TiOz, as other materials
that have high birefringence possess only low refractive indices (e.g., calcite CaCO3).

4.2.1.3. Cylindrical shape for stable 3D trapping

The advantage of being able to generate high forces comes at a cost, as a higher index
mismatch leads to increased scattering. This implies that radiation pressure from the
incident laser beam is more likely to perturb axial trapping. Therefore, 3D trapping of
high-index particles in single-beam optical traps is limited to those smaller than a
certain threshold size, which is determined by the material and the particle geometry.
To compensate for the adverse effect of scattering on trapping, diverse solutions have
been developed. One solution is to alter the optical configuration by implementing
counter-propagating beams 22 or a donut-shaped beam 30 for trapping. Another solution
is to modify the particle by introducing an anti-reflection coating 23. However, this
increased sophistication in optical configuration or fabrication prevents its
straightforward wide-spread implementation.

Instead, we can overcome the adverse effects of scattering by using a
cylindrical shape for rutile TiOz nanoparticles, as shown for previously described
dielectric torque transducers %13-16, This geometry decreases light scattering for a fixed
volume of a particle by reducing the surface area encountered by the input laser beam.
This effect is explicitly demonstrated by our numerically calculated trapping force
curves comparing differently shaped high-index particles (Fig. 4.1c). Our FEM
calculations show that rutile TiO2 spheres cannot be trapped in 3D if their diameter
exceeds ~346 nm (Supplementary Fig. S4.2), in agreement with previously reported
calculations 31. However, as we describe in detail below, we use an OTW to demonstrate
stable 3D trapping of fabricated rutile TiO2 nanocylinders (Fig. 4.1d,e) with volumes
that exceed the volume threshold for the trappability of spheres. Having an increased
range of trappable particle volumes available allows the application of increased force
or torque. Furthermore, the omission of antireflection coatings reduces drag and thus
improves the achievable maximum angular speed, temporal resolution, and
measurement precision.

The use of cylindrically shaped rutile TiOz nanoparticles includes another
important advantage, namely the full confinement of the three RDOF. For a positive or
negative uniaxial birefringent sphere, the birefringence-originated torque constrains
only two or one RDOF. This has the drawback that unconstrained RDOF may introduce
unexpected angular fluctuations into torque and angle signals. The geometrical
anisotropy provided by a non-spherical particle shape such as a cylinder can avoid
these complications (Supplementary Fig. S4.3) and is hence a requirement for certain
applications, e.g., high-precision single-molecule torque spectroscopy.
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4.2.2. Linear and angular trapping of TiOz nanoparticles

4.2.2.1. Dimensions of rutile TiOz nanocylinders trappable in 3D

We fabricated multiple rutile TiOz nanocylinder batches (Methods) with different
diameters d = 150-400 nm and heights h = 0.5-1.5 pm, with resulting aspect ratios (AR
=h/d) ranging from 2.5 to 6.5 (Supplementary Fig. S4.4; precise dimensions measured
by scanning electron microscopy (SEM) are shown in Fig. 4.2 and Supplementary
Table S4.1). We first tested whether these particles could be optically trapped in 3D in
an aqueous environment (Methods), because stable 3D trapping is a prerequisite for
the application of force and torque. We experimentally observed that rutile TiO:
cylinders with small diameters (160-230 nm) could be stably trapped (T1-T7 in Fig.
4.2), even though their volumes are similar to or larger than that of the largest rutile
TiO2 sphere predicted to be trappable. In contrast, cylinders with diameters exceeding
~260 nm (U1-U6 in Fig. 4.2) were not trappable in 3D, but rather scattered away from
the trap. Therefore, we defined an experimental threshold diameter dexy” for the
trappability of the rutile TiOz cylinders as a function of their AR. For each AR, dex," falls
within the range 230-260 nm.

The behaviour of individual particles within cylinder batches is consistent with
this transition. For example, the mean diameter of cylinder batch T8 (AR = 4.4) is 256
nm * 10 nm (Fig. 4.2a). While most cylinders from this batch were not trappable or
could be trapped only temporarily (with particles exiting the trap within seconds or
minutes), a few were stably trapped for hours. Such behavior is expected if a small
fraction of the batch has diameters that fall below dexy".

We compare these and subsequent findings with FEM calculations (Methods).
The calculated axial stiffness (k;) map (Fig. 4.2a; other calculated linear trapping
parameters are described in Supplementary Fig. S4.5), where black pixels indicate
untrappable cylinder dimensions, reveals a higher threshold range for trappability, dca*
% 255-315 nm, defined as the minimum diameter which results in a black pixel for each
aspect ratio. A few experimental factors that have not been considered in the
calculations could explain the mismatch between the trappable cylinder dimensions
found by experimental and numerical approaches. For example, cylinder batch U1 lies
in a trappable regime of the calculated map but is experimentally untrappable. The
calculations for the maps shown in Fig. 4.2 incorporate the objective lens aperture
filling ratio (¢ = 1.7, Methods; Supplementary Fig. S4.6). However, they do not
account for optical aberrations (see also section 4.2.2.2.) and, for a given cylinder
geometry, they assume zero taper angle, whereas trapping behaviors are largely
dependent on taper angle (Supplementary Fig. S4.6).

We have also calculated maps of the radial stiffness (ky; Fig. 4.2b), the angular
stiffness (ks; Fig. 4.2c¢), and the maximal rotation rate (fo = (ko/2)/(2mys); Fig. 4.2d,
obtained using FEM-calculated drag coefficients (ys; Supplementary Fig. $4.7) and
angular stiffnesses (ks; Fig. 4.2c)), which we compare to our experimental results in the
next subsections.
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Figure 4.2. Calculated maps of linear and angular stiffness for rutile TiO: nanocylinders of varying
dimensions, with experimentally assessed trappability per cylinder batch superimposed. (a-c) FEM-
calculated (a) axial (kz), (b) radial (xy), and (c) angular (ko) stiffness maps of rutile TiOz nanocylinders. The
stiffness values are calculated with the zero-taper angle for each cylinder dimension and the measured
aperture filling ratio (a = 1.7) from our OTW setup, and normalized by the input beam power. (d) Maximum
rotation frequency (fo = 7o/(2mys)) map of rutile TiOz nanocylinders obtained from FEM-calculated maximum
torque (7o = ke/2; derived from data in panel (c)) and drag (ys; Supplementary Fig. S4.7). In panel (a), the
region above the dashed magenta curve includes nanocylinders with volumes exceeding that of the largest
trappable rutile TiO2 sphere with d # 346 nm. In panels (b-d), dimensions relevant for the analysis in Fig. 4.3
are displayed: the horizontal dash-dotted green line represents d ~ 213 nm; the leftmost dash-dotted green
curve represents h 825 nm; and the rightmost dash-dotted green curve represents h 1096 nm. In all
panels, the maps are plotted as a function of the cylinder aspect ratio (AR = 1-7, with step size 0.1) and the
cylinder diameter (d = 100-400 nm, with step size 5 nm). The black pixels indicate cylinders with untrappable
dimensions (for which axial stiffnesses cannot be calculated). The solid blue curves are iso-height contours
(500-2500 nm from left to right, with a step size of 500 nm). Trappable fabricated cylinder batches (labeled
as T1-T8) are indicated by distinct symbols and colors. Untrappable fabricated cylinder batches (labeled as
U1-U6) are shown as gray filled circles. Symbols and error bars denote the averages and standard deviations
of the SEM-measured cylinder dimensions, respectively (N = 5-10; Supplementary Table $S4.1).
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4.2.2.2. Rutile TiOz nanocylinders optimized for high stiffness, low drag, and
rapid response time
The stiffness and drag are the two primary physical parameters that describe the
behavior of optically trapped particles 1. Therefore, we experimentally determined the
trap stiffness (linear and angular) and the corresponding drag coefficient for each
trappable rutile TiOz cylinder batch, with the results summarized in Fig. 4.3. We used
laser powers less than 100 mW to demonstrate the high performance of rutile TiO2
cylinders even in the low-power regime. However, we present the trapping stiffness
normalized by laser power for comparison with other studies. To highlight the effect of
geometrical parameters, the experimental stiffness values are plotted as a function of
diameter or height at a fixed height or diameter in Fig. 4.3a,b,d,e. In Fig. 4.2b-d, the
dash-dotted green lines represent the fixed heights h * 1096 nm and h = 825 nm, and
the fixed diameter d = 213 nm. The results of FEM calculations based on mean particle
geometries (with actual sidewall profiles as quantified by SEM and displayed in
Supplementary Fig. S4.4) are co-plotted in Fig. 4.3a,b,d,e for comparison. In the case
of linear trapping, we display the trapping parameters as measured in the y-dimension.
Because the input beam is polarized along the x-dimension (Methods), trapping is
strongest along the y-dimension (twofold and tenfold stronger than trapping in the x-
and z-dimensions, respectively; Supplementary Fig. S4.5). Overall, increases in either
cylinder diameter (Fig. 4.3a,d) or height (Fig. 4.3b,e) that enhance the light-matter
interaction volume tend to result in greater linear and angular trap stiffnesses.
Particularly, for angular trapping, an increased cylinder diameter at a fixed height
corresponds to a wider cross-sectional area S in Eq. 4.1, and hence also a higher value
of the angular stiffness (Fig. 4.3d). For a fixed diameter, taller cylinders yield increased
angular stiffness, until saturation occurs close to the height h in Eq. 4.1 for optimal
torque transfer (Fig. 4.3e). These trends agree very well with the FEM-based
predictions. Exact quantitative agreement between the experimental observations and
FEM predictions is achieved upon scaling the calculated stiffnesses by 42% * 14%
(Supplementary Fig. S4.8), which we attribute to optical aberrations that distort the
electric field distribution at the beam focus 3%, an experimental limitation that is
challenging to include in calculations. The measured drag coefficients, which are not
similarly influenced by aberrations, equal 104% * 17% of the values calculated by FEM
(Supplementary Fig. $4.8), implying high accuracy of our calibrated measurements.
The ratio of the measured drag (Methods) and stiffness reports on the
response times of trapped rutile TiO:z cylinders. When the measured translational or
rotational drag is plotted against the corresponding trap stiffness, a linear relationship
is observed (Fig. 4.3¢,f). Within the range of cylinder dimensions tested, this reflects
the above-mentioned trend of increased stiffness with increased diameter or height
(corresponding to increased drag). The slope of the fitted lines yields the overall trap
relaxation time (tcy = yy/Ky oOr teo = Yo/ke), with a shorter tc reflecting a more rapid
response time and increased temporal resolution.



66 Chapter 4
a d g 10
X 500 2
10 NS s , A- T3
s o TR N = ’ -v- T4
£ - E 3 7 8 —~T5
£ £ . > T6
3 7 ‘ —
3 . E 250 R ol =
Y §_ - e = e S 6l
= =y B Ve /I %
7 H/ °
*E —— =]
o
0 0 S 4
150 200 250 150 200 250 =
Cylinder Diameter [nm] Cylinder Diameter [nm] %
b e ©
B 300 2
10 _ 7
g /'/v/ % a” 012 |
§ 4 3 ~ 0 2 4 6 8 10
2 5 X E 150 ’/-/ Polarization rotation frequency [kHz]
2 A--3 | £ 4 E 7 h 10
= 3 : | A,
o 5 = O T
= = T2
0 0 8 —-T7
600 800 1000 1200 600 800 1000 1200 - T8
Cylinder Height [nm] Cylinder Height [nm] =
c
c / - fos z 6
7 s
8 / s/ 3
. /E T 4 s/ g
€ F @ 0.2 / 2 4
6 H : Y s
% / s/ + E s/ §
2 4 ¥ ] 3 S
= Liaksr o | =01l @ 2
2t /T %
s/
/, / I
0 0 0 . !
0 2 4 6 8 0 50 100 150 200 0 2 4 6 8 10
Ky [PN/um/mw] K, [PN-nm/rad/mw] Polarization rotation frequency [kHz]

Figure 4.3. Experimentally measured linear and angular trapping performances of rutile TiO:
nanocylinders. (a,b,d,e) Measured stiffness (ky, k¢) values plotted versus cylinder diameter or height,
together with calculated values for comparison. The OTW-measured values are represented by filled symbols
and associated error bars. The FEM-calculated values (which make use of SEM-measured cylinder geometries
with actual sidewall profiles) are represented by empty symbols. For ease of visualization, in panel (a,d), data
points from the cylinders of similar height h * 1096 nm (825 nm) are connected with dashed blue lines (solid
red lines), and in panel (b,e), data points from the cylinders of similar diameter d * 213 nm are connected
with dash-dotted green lines. (c,f) Measured drag coefficients (y;, ys) plotted versus measured stiffness values
(xy, ko). The slope of a linear fit (dashed black line, forced through the origin) reports on the trap relaxation
time (t;y = 11 ps at 100 mW, tce = 15 ps at 100 mW). The measurement results from PS spheres are overlaid
in panel (c) for comparison (filled blue circles; the mean diameters of batches P1, P2, and P3 are 370 nm, 505
nm, and 746 nm, respectively). A linear fit to PS data results in t;y = 26 ps at 100 mW. (g,h) Moving-averaged
optical torque as a function of input beam polarization rotation frequency (PRF), measured at 92 mW. Each
curve represents the data obtained from a single cylinder, and its fit to the theory 2 is overlaid (black line).
When the PRF exceeds the maximum rotation frequency of a cylinder (denoted by the corresponding colored
symbol), the particle begins to slip and thus exhibits a decreased torque 2. The cylinders with similar
diameters (d ~ 213 nm, T3-T6) are compared in panel (g), and those with similar heights (h * 1096 nm, T1
and T8; h » 825 nm, T2 and T7) are compared in panel (h). For the symbols employed in panels (a-h), the
shape and color coding are as in Fig. 4.2.

For linear trapping, we compare the results obtained with rutile TiOz cylinders
to those obtained with standard polystyrene (PS) spheres (representative of low-index
force transducers). The linear trap stiffness of rutile TiO2 nanocylinders is



67

approximately two-fold higher than that of PS spheres of comparable drag, a direct
consequence of the higher refractive index of rutile TiO2 (n = 2.6) compared to PS (n =
1.57). Correspondingly, rutile TiOz nanocylinders enable a nearly two-fold increase in
temporal response (tcy = 11 ps for rutile TiOz, versus t.y = 26 s for PS at 100 mW; Fig.
4.3c). These effects can be appreciated by comparing the rutile TiOz cylinder batch T2
with the PS sphere batch P2 (d = 505 nm), which both have drag coefficients of ~4
pN-s/mm (Fig. 4.3c). For angular trapping, the trap relaxation time of rutile TiO2
nanocylinders (t.6 = 15 ps at 100 mW; Fig. 4.3f) is again considerably shorter due to
the high angular trap stiffness (Fig. 4.2c, deriving from the large birefringence)
achievable with such low rotational drag (Supplementary Fig. $S4.7). As the trap
relaxation time is inversely proportional to the laser beam power, it can be further
tuned using this parameter.

4.2.2.3. Rutile TiOz nanocylinders transmit nN forces and nN-nm torques with

excellent measurement precision
To deduce the range of applicable forces using trapped rutile TiOz nanocylinders, we
examine their measured linear stiffnesses and estimate the range of their harmonic
regime. The high radial trapping stiffness of rutile TiO2 nanocylinders should permit the
application of large forces up to ~nN, as demonstrated for anti-reflection coated
anatase TiO: spheres 23. For example, a rutile TiO2 nanocylinder with radial trap
stiffness ky = ~7 pN/um/mW (cylinder batch T8) should experience a ~1 nN restoring
force at ~1.4 W laser power (not measured due to the limitation of available power in
our setup) upon displacement of ~100 nm from the trap center, well within the
estimated harmonic potential regime (Supplementary Fig. $4.5). This represents an
order of magnitude improvement over the typical ~100 pN limit of optical tweezers 33.

The exceptionally large birefringence of rutile TiO2 makes it possible to
simultaneously achieve very high torques (1-10 nN-nm) and rotational speeds (1-10
kHz) at only moderate laser powers (< 100 mW) in aqueous solution (Fig. 4.3g,h). Such
an expansive torque-speed range is not achievable in similar measurement conditions
using other dielectric particles with much lower birefringence 13 15, To provide a
guideline for selecting cylinder dimensions, we compare the torque-speed curves of
differently sized nanocylinders (Fig. 4.3gh). We first compare cylinders with similar
diameters (d * 213 nm, batches T3-T6) but different heights (Fig. 4.3g). Here, the
rotational drag coefficients are similar, as observable from the slopes (ys = To/w,) in the
linear part of the torque-speed curves. Using a cylinder with an optimal height for
torque transfer efficiency (within this dataset, batch T5) results in a higher maximum
torque and increased rotational frequency. Differently stated, for a fixed cylinder
diameter, the height provides a means to tune the torque transfer efficiency. We next
compare two groups of cylinders with similar heights (h * 1096 nm, batches T1 and T8;
h = 825 nm, batches T2 and T7) but different diameters (Fig. 4.3h). Within each group
of cylinders, the torque transfer efficiencies are similar, but the drag coefficients differ
substantially. A smaller drag coefficient is preferable in general for a higher rotation
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Figure 4.4. Temporal resolution and measurement precision in force, position, torque, and angle,
achieved with rutile TiO: nanocylinders. (a-d) Allan deviation (AD) as a function of averaging time for
three selected rutile TiOz cylinder batches (T3-T5, in order of increasing linear and angular stiffness; the
same symbols and colors as in Fig. 4.2). AD plots for four different physical quantities are shown: (a) force,
(b) position, (c) torque, and (d) angle. Each colored solid curve represents the normal AD obtained from a
single cylinder measured at 92 mW. Colored symbols reflect the octave-sampled overlapping AD, and their fit
to the theory ! is overlaid as a dashed curve. The AD values report on the achievable measurement precision
for a given averaging time, and the horizontal dashed red lines indicate the typical precisions required for
measurements of individual biomolecules. For each cylinder, the trap relaxation time (t:) can be deduced
from the timescale at which the AD curve peaks (1.8926t.; designated by the colored vertical lines) *. This
relaxation time forms the lower bound of the achievable temporal resolution.

frequency (e.g., compare batches T1 and T8 in Fig. 4.3h). However, a reduction in drag
does not always guarantee an increased rotation frequency even if torque transfer
efficiency is maintained (e.g., compare batches T2 and T7 in Fig. 4.3h). This is because
the resulting rotation frequency (f, < kg/yg) is dependent on the relative rates of
change between stiffness kg and drag yy, which are distinct functions of particle
dimensions. Hence, for a fixed cylinder height, one should select the suitable cylinder
diameter to access the desired torque-speed regime.

Utilizing the high linear and angular stiffnesses achievable with low-drag rutile
TiO2 nanocylinders, we employ Allan deviation (AD) analysis ! to demonstrate the
ensuing improvements in measurement precision. For the primary quantities of
physical interest - force, torque, position, and angle - we demonstrate in Fig. 4.4 that
one can achieve excellent precisions below 1 pN, 1 pN-nm, 1 nm, and 1 degree,
respectively, on short timescales between (sub)milliseconds and seconds. To quantify
trapping, signal averaging times longer than the time at which the AD peak (colored
vertical lines in Fig. 4.4) occurs are appropriate. This regime corresponds to the
thermal limit, i.e., the harmonic trapping regime. AD values within this region
determine the measurement precision as a function of the averaging time. Theoretically,
longer averaging times increase the measurement precision, but there is a practical
lower bound on the measurement precision because of long-term drift or other
measurement noise 1. In our setup, this lower bound occurs at an averaging time
between ~0.1 s and ~10 s.

We illustrate here how the main trapping parameters affect the magnitude of
the AD curve, in turn increasing or decreasing the achievable measurement precision.
As an example, we selected a subset of the cylinder batches, i.e., T3-T5, that exhibits the
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order of increasing linear and angular stiffnesses. The force AD (Fig. 4.4a) and torque
AD (Fig. 4.4¢) are functions of drag only (< (y)1/2). Therefore, the best force and torque
precisions are obtained from the cylinder with the smallest linear and angular drag
coefficients (batch T3). However, the position AD (Fig. 4.4b) and angle AD (Fig. 4.4d)
are functions of both drag and stiffness (¢ (y)1/2/x). As differences in stiffness values
are more significant in the chosen dataset, the best position and angle precisions are
achieved with the highest linear and angular stiffnesses (batch T5).

Finally, we compare the stiffness, torque-speed regime, measurement
precision, and temporal resolution between rutile TiO2 and other common dielectric
crystals, i.e., quartz SiOz and calcite CaCOs. We chose to compare only calculated results
because of the difficulty of fabricating different materials into an identical geometry. As
experimentally demonstrated here (Fig. 4.3, Supplementary Fig. S4.8), we can
reliably predict the overall trends in both linear and angular trapping parameters by
numerical modeling. This comparison shows that rutile TiO:z is indeed the most
competent material as a combined force and torque transducer (Supplementary Fig.
$4.9).

4.3. Conclusions

In this work, we have employed experimental measurements and numerical
calculations based on finite-element methods to demonstrate how the collective optical
properties of single-crystalline rutile TiOz (including high refractive index and
exceptionally large birefringence), together with its shaping into nanocylinders of
appropriate dimensions, make it possible to develop joint optical force and torque
transducers with outstanding properties. We show that rutile TiOz nanocylinders
exhibit high stiffness in both linear and angular domains, allowing for the application of
~nN-scale forces and unprecedentedly high 1-10 nN-nm torques. Given their low drag
coefficients, our fabricated rutile TiO2 nanocylinders should exhibit excellent time
response, which we have verified experimentally and exploited to highlight how rutile
TiO2 torque transducers can sustain high 1-10 kHz rotation frequencies in aqueous
solution, even at a moderate trapping laser power not exceeding 100 mW. Furthermore,
we show how optically trapped rutile TiOz nanocylinders enable high measurement
precision in the key physical parameters of force, torque, position, and angle.

We expect that this coalescence of exceptional trapping properties into single
rutile TiOz particles will open up opportunities for micro- and nanoscale applications.
For example, the ability to transmit ~nN-nm torques at ~kHz rotation frequency will
render measurements on systems with a wide torque-speed regime, e.g.,, the bacterial
flagellar motor 34, accessible. Similarly, the high temporal resolution and excellent
measurement precision will permit investigations of fast dynamics in other bio-
molecules 5 35. Moreover, the small size, bio-compatibility, and chemical inertness of
rutile TiO2 nanocylinders, together with their low laser power requirements compared



70 Chapter 4

to other materials, will facilitate their usage in in-vivo microrheology 3¢ or cellular
manipulation 8 37. Alternatively, these force and torque transducers could provide an
enhanced platform for studies of quantum phenomena such as cavity cooling ° and
Casimir effects 38. Finally, we foresee potential applications for rutile TiO2
nanocylinders in engineering applications such as optically-driven nanomachines 1011,
excitability-based sensors 13, or photonic force microscopy 3°.

4.4. Methods

4.4.1. Fabrication and surface functionalization of rutile TiOz nanocylinders

To produce rutile TiOz nanocylinders (Fig. 4.1d), we use our developed top-down
fabrication protocol (more details can be found in Ref. 27). We use a high-quality (100)
single-crystal rutile TiOz substrate (1 cm x 1 cm, ~500 pm thickness, MTI Corp.). The
optic axis is precisely aligned in every produced nanocylinder, using the (100) crystal
orientation in which the optic axis is perpendicular to the substrate surface normal.
This configuration allows the precise angular manipulation around z-axis, with a
trapping beam linearly polarized in xy-plane (as depicted in Fig. 4.1e). Compared to our
previously reported fabrication protocol 27, we further optimized the chromium mask
shape and thickness to obtain more circular cross sections and smaller taper angles (see
details in Supplementary Fig. S4.10). The steps in the nanofabrication protocol that
control nanocylinder diameter and height are electron-beam lithography (EBPG 5000
or EBPG 5200, Vistec) and plasma etching (Fluor Z401S, Leybold Heraeus or Plasmalab
System 100, Oxford Instr.), respectively. As shown in Supplementary Table S4.1, this
optimization leads to excellent structural uniformity among the fabricated TiO2
nanocylinders (relative standard deviation 2-8% for diameters and 0.1-1.5% for
heights, measured for 5-15 particles per batch), as deduced from the SEM images
(S4800 FESEM, Hitachi) (Supplementary Fig. S4.4). As a result, our nanoparticles
more closely resemble ideal cylinders and display more reproducible behavior.
Otherwise, for example, deviations in the taper angle can lead to a substantial change
in the trap stiffness (Supplementary Fig. $4.6).

To increase the probability of trapping single isolated nanocylinders in OTW
measurements, it is crucial to prolong the monodispersed status of the nanocylinders
in aqueous solution. For this purpose, the nanocylinders are coated with amino-
terminated monofunctional polyethylene glycol (NH2-PEG) molecules (MW 5000,
PEG1154, Iris Biotech) via epoxysilane linkers (3-Glycidoxypropyldimethylethoxy-
silane, 539260, Sigma-Aldrich) using our previously developed TiO2 surface
functionalization protocol 27. The PEGylated nanocylinders are mechanically cleaved in
phosphate buffered saline (PBS) buffer (pH 7, Sigma-Aldrich) droplets by scratching the
substrate surface with a sharpened home-made plastic blade. The plastic blade is softer
than the TiO2 substrate and minimizes the production of TiO2 dust particles. We note
that the presence of short PEG molecules does not affect the trapping and rotational
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dynamics of our nanocylinders 21, and have observed that the monodispersity of
PEGylated TiOz particles is maintained upon sonication and vortexing, even after year-
long storage (in plastic tubes at 4°C).

4.4.2. OTW setup and measurements
We conducted OTW experiments with our home-built setup (1064 nm-wavelength
single-beam optical trap with polarization control; more details can be found in Refs. 1>
16,27), We use a custom-made flow cell assembled with two borosilicate glass coverslips
(No. 1.5H, Marienfeld) separated by a single-layer Parafilm® spacer of ~100 pm
thickness. The use of coverslips with high-precision thickness (170 pm * 5 um for No.
1.5H) reduces possible variations in optical trap quality that might occur when the
conventional coverslips with large thickness variation (e.g., 160-190 pm for No. 1.5)
are used 40. The PBS buffer containing the nanocylinders are injected into the flow cell
channel and both input and output of the channel are sealed by vacuum grease (18405,
Sigma-Aldrich). After ~1 h, most of the nanocylinders in the solution are sedimented to
the bottom of the flow cell. Among these nanocylinders, only a chosen nanocylinder can
be lifted from the bottom by focusing the laser beam on the particle to generate a
pushing force via light scattering. Using rutile TiO: is beneficial in this lifting process
because its large refractive index induces stronger scattering for a given laser power.
Afterwards, we can trap and measure the freed nanocylinder without any
hydrodynamic coupling effect that can occur if the particle concentration is too high 41.
Also, it is possible to measure for extended times (tested up to ~3 h) without losing the
particle by collision with other particles entering the optical trap. The nanocylinder
trapping position is kept as 18-20 pm above the bottom surface of the flow cell channel,
to effectively avoid any hydrodynamic interaction with the flow cell.

We measured 14 different rutile TiOz nanocylinder batches (Supplementary
Table S4.1), and 3-10 particles were recorded for each trappable batch (Fig. 4.3,
Supplementary Fig. S4.8, Supplementary Table S$4.2). For calibration of linear and
angular trapping properties, we adapted the previously developed methods 16 42, For
measurement of linear and angular fluctuations of a trapped cylinder, we employed an
input beam which is linearly polarized along the x-axis. The large radial stiffness of the
rutile TiOz particles lead to hydrodynamic effects, which contribute colored noise to the
power spectrum 23 43, We have considered this in our analysis (Supplementary Fig.
$4.10). The linear and angular fluctuation data are acquired at 250 kHz sampling
frequency. We developed and employed an improved method to more precisely
measure torque-speed curves (Supplementary Fig. S4.10). In our method, each curve
is measured by continuously scanning the polarization rotation frequency in the range
of 0-15 kHz for a few seconds using a waveform generator (331204, Agilent), with 100
kHz sampling frequency. Compared to the conventional time-consuming method in
which separate torque traces are recorded at multiple different frequency values, this
high-speed recording over a wide frequency range avoids the distortion of the
measured curve caused by setup drift. The downward spikes shown at high PRF in Fig.
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4.3g,h are attributed to the peculiarities of the setup, such as the finite time required
for the polarization reversal of electro-optic modulator (EOM) voltage 2 14, and appear
regardless of the chosen torque-speed measurement method.

In addition, we measured linear trapping properties of PS microspheres
(Polybead® Microspheres, Polysciences) (Fig. 4.3c, Supplementary Fig. S4.8,
Supplementary Table S4.3) since they are one of the de facto standards among optical
trapping community. In general, the characteristics of optical traps are not identical
among different optical tweezers due to the difference in the specifications of the laser
beam, objective lens, immersion medium, and flow cell design. Therefore, comparing
the results from the standard commercial PS beads with high compositional and
geometrical uniformity provides a means with which experimentalists can estimate the
expected trapping properties of rutile TiO2 nanocylinders in their own instruments.

4.4.3. Numerical calculation of optical momentum transfer and hydrodynamic
drag

The cylindrical geometry and anisotropic optical property of our rutile TiOz particles
require a numerical approach to precisely estimate their viscous drag coefficients and
optical trapping force and torque. It is because the exact analytical solutions do not exist
for anisotropic cylinders with arbitrary aspect ratios, unlike the commonly used
isotropic spherical probes. We utilize FEM % with one of its commercial
implementations (COMSOL Multiphysics v5.2a, COMSOL Inc.). In general, FEM is more
computationally demanding than other approaches such as T-matrix formulations 31.
However, it is more flexible and versatile in the aspect of modeling anisotropic material
and irregular geometry. Using FEM is straightforward even with cylinders of small
aspect ratio and exotic shapes such as tapered cylinders (Supplementary Fig. $4.6),
cones, and hour-glass shapes. The validations of our numerical models are shown in
Supplementary Fig. S4.10. We note that the properties (size, density, quality, etc.) of
geometry meshing in FEM models should be optimized properly to obtain precise
results.

To calculate linear and angular optical trapping properties, we locate a rutile
Ti02 nanocylinder at the center of the calculation domain. The cylinder is enclosed by a
uniform medium (water, n = 1.33) of spherical shape, and the medium is terminated
with a perfect matching layer to treat the size of the medium as infinite by coordinate
transformation. We use the exact focus beam equation without any approximations to
calculate the input background field 45. The beam shape is defined by the vacuum
wavelength (A = 1064 nm), objective lens numerical aperture (NA = 1.2), filling ratio («
= oo or 1.7), linear polarization direction (along x-axis), and index of medium (n = 1.33).
Here, the filling ratio a (= wo/1) is defined as the ratio of the 1/e2 radius of input beam
wo and effective input aperture radius of objective lens ro (= f NA, where fis the focal
length of the objective lens). We use a = oo as an ideal configuration in which input beam
is a plane wave, and @ = 1.7 as the measured value in our OTW setup. The time-averaged
optical force and torque on the cylinder is obtained by integrating the Maxwell stress
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tensor over the surface of a virtual sphere enclosing the cylinder 46. We first obtain the
axial force (Fz) curves, from which the axial equilibrium trapping positions (zeq) are
derived (Supplementary Fig. S4.5). Then we calculate radial force (Fx, Fy) and maximal
torque (7o) at zeq. The optical force is calculated at the zero-torque condition (6 = 0° in
Eq. 4.1), while the torque is calculated at the maximum torque transfer condition (6 =
45°in Eq. 4.1).

To calculate hydrodynamic drag coefficients, the surrounding medium (water
at 23 °C, dynamic viscosity of 0.933 mPa-s) is set to flow translationally (rotationally),
inducing viscous drag force (torque) on the nanocylinder. The solutions of Navier-
Stokes equations 47 result in force and torque as a function of the speed of medium flow,
from which the drag coefficients can be extracted. We calculated two translational (axial,
radial) and one rotational (around z-axis) drag coefficients: i) for each ideal cylinder
(Supplementary Fig. S4.7) to use in calculations of angular speeds (Fig. 4.2d,
Supplementary Fig. S4.9) and AD values (Supplementary Fig. S4.9), ii) for each
fabricated nanocylinder batch (Supplementary Fig. S4.8) to compare with our
experimentally obtained values. For the case of ideal cylinders, like ideal spheres *8,
analytical expressions for the translational 4° and rotational 50 viscous drag exist.
However, these are valid for only a limited range of aspect ratios and hence we used our
numerical approach.
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4.6. Supplementary Information

4.6.1. Derivation of the analytical equation for optical torque transfer from a
linearly polarized plane wave to an infinitely wide birefringent plate with
uniform thickness

The purpose of this section is to confirm the validity of Eq. 4.1, as in the literature many

different forms of this equation exist in the absence of detailed derivation 1. First, we

start with torque on a single dipole in a plate:

7=pxE, (Equation S4.1)

where p is the electric dipole moment and E is the electric field in the plate 5. We can
derive the torque per unit volume of a dielectric plate of uniform thickness
perpendicular to the beam propagation direction by considering multiple dipoles in a
given volume:

NT=NBxE =P xE =¢,xE xXE, (Equation S4.2)

where N is the number of dipoles, P is the polarization per unit volume, g, is the
vacuum permittivity, and y is the electric susceptibility tensor in the plate. The input

beam is set to be a plane wave that propagates in the z-direction, being linearly

polarized in x-y plane. Thus, the electric field E has zero intensity in the z-dimension
(E, = 0) and hence torque is applied in the z-direction only:

X« 0 O]rE, E, 0
NT=¢,[0 Xy O|[E|x|E|=¢ [ 0 (Equation $4.3)
0 0 xJdlo 0 (tx — X3)EXEy

Using the known relationship y = n? — 1, the torque in the z direction can be described
as:

N7, = &,(Xx — Xy )ExEy = €,(n — n2)E,E,,. (Equation $4.4)
In Eq. $4.4, the electric field vectors (E,, E,) in time t and space z are defined as:

E, = E,(z,t) = Egx cos(k,z — wt),

Equation $4.5
E, = Ey(z,t) = Ey,, cos(kyz — wt), (Equation )

where E, , = E, cos(6), E,,, = E, sin(8), and 6 is the angle between the x-axis and the
linear polarization direction of the electric field with amplitude E, in the plate. Also,
ky = kony, ky, = kon,, while n,, n, are refractive indices of the plate along the x- and y-
axis, ky, k,, are wavenumbers in the plate along the x- and y-axis, and k, = % is the

wavenumber in vacuum (here, w is the laser optical frequency and c is the speed of light
in vacuum). We rewrite Eq. S4.5 similarly to Beth's derivation 3;
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E.(z,t) = Eg, Cos( bty . 4 @z - wt) = Eycos(Z + D),
(Equation $4.6)

E,(z,t) = Ey, cos( "+kyz @z - wt) = Eyycos(Z — D),

where Z =kz—wt and D = %z (here, k = karky

, Ak =k, =ko(n, —ny) =
koAn). Using trigonometric identities, we can further simplify the factor ELE, in Eq.
S$4.4. This allows us to express the z-component of the instantaneous torque per unit

volume as:

2 2 so(n}(—nf,)Eg . .
N1, =¢, (nx - ny)ExEy = fsm(ze) (cos(2Z) + cos(2D)), (Equation S$4.7)
and its time-averaged variant as:
1 T eo(n2-n2)E§ . .
(N1,) = ;fo dt Nt, = =—=—"="5in(26) cos(zAk). (Equation $4.8)

To obtain the torque per unit area for a given plate thickness (i.e., height) h, we
integrate along the z-axis:

[ dz (Nt,) = hN(z,) —Msm(ZB)( [sin(z0K)]5 )

= %sm&@) sin(hAk) = s"nCEO =—2L5sin(20) sin(hkyAn), (Equation S4.9)

where n is the mean index (i.e, n = @) of the plate. Finally, the torque per plate

. . Ng _ N .
volume can be obtained by rewriting N = Td = h—;, where N; is the total number of

dipoles within the plate and S is the area of the plate surface with which the beam
interacts:

SsoncEO

(Ttota) = Nyg(t,) = —=—2sin(hkyAn) sin(20), (Equation $4.10)

which is identical to the amplitude of torque in Eq. 4.1 in the main text. We note that
this equation is derived under the idealized condition of a plane wave interacting only
with an infinitely wide plate of uniform thickness. It does not take into account the
surrounding medium, and as such, the accompanying reflections at the material
interfaces. When we use such idealized conditions in our FEM calculations, we obtain
results identical to those predicted by Eq. 4.1 (Supplementary Fig. $4.10; although a
plate of finite size, e.g,, 300 nm x 300 nm surface area, is required by FEM models, it is
equivalent to the infinite case when light diffraction near the plate edges is ignored).
Therefore, torque values acquired under non-ideal but realistic conditions deviate from
the predictions of Eq. 4.1. As further detailed in Supplementary Fig. S4.1, one such
example is a particle with a finite size trapped by a tightly-focused beam, e.g., rutile TiO2
experiments in OTW as shown in Fig. 4.1e.
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4.6.2. Supplementary Figures
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Figure S4.1. FEM-calculated rutile TiOz nanocylinder height for maximal torque transfer efficiency at
different fixed diameters. The maximal optical torque (circles) of rutile TiOz nanocylinders as a function of
their height (h = 0.2-1.8 um) for different diameters (d = 175-2000 nm), FEM-calculated at z¢q = 0 nm and 6
=45° (for the largest diameter d = 2000 nm, calculation is performed up to h = 1.4 pm due to the limitation of
computing memory). Calculations are performed assuming a focus beam with the vacuum wavelength A =
1064 nm, objective lens NA = 1.2, an objective lens filling ratio a = o, and a surrounding medium index n =
1.33. For comparison, the analytical prediction (blue curve, using Eq. 4.1 from the main text) assuming a
plane wave interacting with a rutile TiO: plate of 300 nm x 300 nm surface area is co-plotted. The vertical
dashed blue line (h = 1 pm) indicates the analytical prediction of optimal cylinder height for the maximal
torque transfer efficiency, while the numerical predictions are designated by red squares if they exist within
the calculated range. Note that nanoparticles with diameters smaller than the beam wavelength (d = 175-250
nm) deviate most from the analytical prediction. Cylinders with diameters comparable to or larger than the
beam wavelength (d = 1000-2000 nm) show optical torque that more closely approximates the analytical
prediction, as their geometry is closer to that of a rutile TiO2 plate.
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Figure S4.2. FEM-calculated optical trappability of rutile TiOz spheres and cylinders. (a) The FEM-
calculated axial trapping efficiency (Q2) curves (i.e., normalized axial force (F2) curves; Q- = Fz/(nP/c), where
n is the refractive index of the surrounding medium, P is the trapping laser beam power, and c is the speed of
light in vacuum) for rutile TiO2 spheres with diameters of 330-380 nm, demonstrating that spheres with large
volume (= ~350 nm) are not trappable. (b) FEM-calculations of Q; with 1 nm-step in sphere diameter (345-
348 nm) reveal that the diameter of the largest trappable rutile TiOz sphere is ~346 nm. (c-f) The FEM-
calculated axial trapping efficiency (Q.) curves for all fabricated rutile TiO2 nanocylinder batches, using
average SEM-measured dimensions with actual sidewall profiles as input parameters. The trap strengths (as
defined in Supplementary Fig. S4.5) of trappable cylinders (T1-T8; (c,d)) are much larger than those of non-
trappable cylinders (U1-U6; (e,f)). As the cylinders are not symmetric in the z-dimension, two different
trapping orientations exist for each cylinder (with the positive (c,e) or negative (d,f) taper angle with respect
to the input beam as shown in the inset diagram). For trappable cylinders (T1-T8; (c,d)), as their taper angles
are small (0.1-1.6°, Supplementary Table S4.1), the trapping orientation does not significantly contribute
to trapping behavior (Supplementary Fig. $S4.6). All calculations in (a-f) are performed assuming a focus
beam with objective lens NA = 1.2, an objective lens filling ratio a = 1.7, and a surrounding medium index n =
1.33.
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Figure S4.3. FEM-calculated RDOF confinement torque of rutile TiO: spheres and cylinders. Visual
representation of the mechanism of RDOF confinement, supported by numerical calculations. (a-d)
Illustrations of achievable confinement of the RDOF depending on the degree of geometrical or optical
anisotropy. An optically isotropic particle (gray, e.g., polystyrene) has a constant refractive index (n) along its
principal axes (x,y, and z), while a birefringent particle (blue, e.g., rutile TiO2) includes an extraordinary index
(ne) that differs from the other two ordinary indices (n,). Here, a positively birefringent crystal (e.g., rutile
Ti02) is assumed, and thus ne > no. A blue curved arrow indicates free rotation in the absence of confinement,
while an overlaid prohibitory traffic sign indicates the restriction in rotation due to confined RDOF. The
incident trapping beam is assumed to be linearly polarized in the x-dimension. (a) A non-birefringent sphere,
which is fully isotropic, has no confined RDOF. (b) A positively birefringent sphere that has optical anisotropy
only, has two confined RDOF. (c) A non-birefringent cylinder that has geometrical anisotropy only, has two
confined RDOF. (d) A positively birefringent cylinder, which is fully anisotropic, has fully confined RDOF. (e,f)
FEM-calculated optical torque components for a positively birefringent sphere (rutile TiOz, d = 150 nm), i.e.,
configuration in panel (b). The result shows that indeed the angle « is not confined, as (e) I'x remains zero at
any angle, while the angle S is confined by the restoring torque (f) I', from the optical birefringence. (g,h)
FEM-calculated optical torque components for a positively birefringent cylinder (rutile TiO2, d = 200 nm and
AR =5), i.e,, configuration in panel (d). The confinement in the angle a results from the restoring torque (g)
I'x generated by the uneven radiation pressure distribution on a tilted cylinder (no such geometrical effect
would occur in the case of a tilted sphere). The angle f is doubly confined by the restoring torque (h) Iy from
both geometrical and optical anisotropy. The confinement of the RDOF in the angle y by the restoring torque
I'; that results from particle birefringence is common to both sphere and cylinder. All calculations in (e-h) are
performed assuming the vacuum wavelength of input beam A = 1064 nm, an equilibrium axial trapping
position zeq = 0, a focus beam with objective lens NA = 1.2, an objective lens filling ratio @ = oo, and a
surrounding medium index n = 1.33.
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Figure S4.4. SEM micrographs of top-down fabricated single-crystal rutile TiOz nanocylinder batches.
(a,b) A representative SEM micrograph of each cylinder batch is shown: (a) trappable nanocylinder batches
(T1-T8); (b) untrappable nanocylinder batches (U1-U6). All scale bars are 500 nm. The yellow lines indicate
the top surfaces of cylinders, and the structures just above them are Cr masks that remain when SEM images
are taken prior to Cr removal by wet etching. (¢) Geometries of trappable (blue) and untrappable (red)
nanocylinders drawn up on the same scale with the mean dimensions obtained from multiple SEM images
(Supplementary Table S4.1). Both vertical and horizontal grid lines have the same spacing (100 nm-step

for thin lines and 500 nm-step for thick lines).
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Figure S4.5. FEM-calculated parameters describing the linear optical trapping behavior of rutile TiO:
nanocylinders. Linear trapping parameters deduced from FEM-calculated force curves, plotted as a function
of cylinder diameter and aspect ratio. (a) The definitions of these parameters are graphically summarized
with an axial force curve (the blue curve, for a nanocylinder with d = 200 nm and AR = 5 as an example): the
axial equilibrium trapping position z., (the vertical red line which is the x-intercept of the force curve), the
axial trap stiffness k. (the gradient of force at z.; designated by the solid black tangential line which
approximates the harmonic potential well), the axial trap strength Fzmin (the horizontal magenta dashed line
over which the particle will escape from the trap), and the axial harmonic potential regime z, (the distance
from ze; to the nearest position at which the deviation of the actual force from the ideal harmonic
approximation starts to exceed 10% which is the conventional cutoff threshold ¢7, represented by the vertical
red dashed line). (b) The changing axial force curve shape upon rotation of the same rutile TiO2 cylinder in
(a) from 6 = 0° to 6 = 45° (with the rotation angle 6 as defined in Eq. 4.1 from the main text). In this range,
the deviation of z.q is almost negligible (~6 nm) compared to the cylinder height (1 um). As this behavior is
similar to other cylinder dimensions as well, it is still valid to calculate the maximum optical torque (which
occurs at 6 = 45°) with z., obtained at 6 = 0° (Fig. 4.3c, Supplementary Fig. $4.9). (c) The map of ze,. For
each black colored pixel, z¢; does not exist (i.e., the axial force curve has no x-intercept) and hence 3D-trapping
is not possible for cylinders of the corresponding dimensions. We do not calculate radial trapping parameters
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at these positions, since we are interested in 3D-trappable cylinder dimensions only. For 3D-trappable
cylinder dimensions, the radial trapping parameters are calculated at ze,. (d-f) The linear trap stiffness maps
(¥ Ky, K2). (g-1) The linear trap strength maps (Fymin, Fymin, Fzmin). (j-1) The linear harmonic potential regime
maps (Xap, Yhp, Znp). The blue curves are iso-height contours (500-4000 nm from left to right, with a step size
of 500 nm). The resolution of the maps is AAR = 0.5 and Ad = 25 nm. All calculations in (a-1) are performed
assuming the vacuum wavelength of input beam A = 1064 nm, a focus beam with objective lens NA = 1.2, an
objective lens filling ratio a = 0, and a surrounding medium index n = 1.33.

Additional explanation of the linear trapping parameters

In addition to the axial trap stiffness «, various other axial trapping parameters should
be considered when choosing appropriate cylinder dimensions for specific practical
applications. For example, the axial trap strength F,min can be used as a criterion to
assess stable 3D trapping. If the axial trap strength of a cylinder is very weak, despite
the trap itself having high axial stiffness (e.g., the nanocylinder with d = 300 nm and AR
= 3.5), then such a particle is difficult to exploit since it will escape from the trap at the
slightest external perturbation. Also, the extent of the linear axial force regime zn,
combined with kz provides information about the maximum applicable axial force
under the assumption that the axial trap is a harmonic potential well (i.e., a linear
Hookean spring). This information is valuable as proper trap calibration is easiest in
this regime. The above definitions and reasoning apply similarly to radial trapping in x-
and y-dimensions.
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Figure S4.6. FEM-calculated maps of axial stiffness and curves of axial trapping efficiency for rutile
TiO2z nanocylinders with different objective lens aperture filling ratios and taper angles. (a,b) The FEM-
calculated high-resolution maps of axial stiffness k; for rutile TiOz nanocylinders with (a) ideal (a = o) and
(b) measured (a = 1.7; the same data as Fig. 4.2a) aperture filling ratios. The calculated threshold diameter
dea™ for each aspect ratio is displayed as a gray dot, and the magenta circles indicate the local maxima of
stiffness. Calculations based on the measured filling ratio (b) result in a narrower range of 3D-trappable
cylinder diameters for aspect ratios between 1 and 5. The stiffness values at the local maxima are also reduced
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by ~10%, due to the less tight beam focusing for a smaller filling ratio. The blue curves are iso-height contours
(500-2000 nm from left to right, with a step size of 500 nm). The resolution of the maps is AAR = 0.1 and Ad
=5 nm. (c-f) k; maps of nanocylinders with a taper angle o of (c) +4°, (d) -4°, (€) +2°, and (f) -2°, as a function
of the aspect ratio and average diameter do, (with ideal aperture filling ratio @ = o). The schematics to the
right of the maps illustrate the taper angle (not to scale) and orientation of the cylinder body with respect to
the laser beam propagation direction (red arrow). (g) k. map of perfectly straight nanocylinders (the same
data as shown in panel (a) and Supplementary Fig. S4.9), displayed for straightforward comparison with
the maps of tapered cylinders. The blue curves are iso-height contours (500-4000 nm from left to right, with
a step size of 500 nm). The resolution of the maps is AAR = 1 and Ad = 50 nm. (h) Axial trapping efficiency Q.
as a function of taper angle for a representative cylinder batch with doy = 250 nm and AR = 5. All calculations
in (a-h) are performed assuming the vacuum wavelength of input beam A = 1064 nm, a focus beam with
objective lens NA = 1.2, and a surrounding medium index n = 1.33.

Effects of nanocylinder taper angle on axial trapping properties

The dry etching process can result in nanocylinders with small taper angle (0-5° T1-
T8 and U1-U6 shown in Supplementary Fig. S4.4 and Supplementary Table S4.1),
and such geometrical asymmetry can alter the optical trapping characteristics & °. To
investigate this effect in rutile TiO2 nanocylinders, we calculated axial trapping force F.
and then extracted axial stiffness k; for cylinders with taper angle o of +2° and +4° while
keeping the cylinder height and average diameter constant (thus, both the surface area
and volume of the tapered cylinders are nearly the same as those of straight cylinders,
allowing an unbiased comparison). For a tapered cylinder, two trapping orientations
are possible with respect to the beam propagation direction. When the larger facet of a
tapered cylinder is facing the source of the laser beam, the trappable regime shrinks
and overall the trap stiffness decreases. This might be due to the increased light
scattering at the larger entering surface of the particle, which destabilizes the trap. In
contrast, when the tapered cylinder is flipped, and the smaller facet faces the beam
source, the trappable regime expands and overall the trap stiffness increases. However,
for each individual cylinder dimension, these changes are not proportional but
nonlinearly correlated with the taper angle. For example, in the case of d = 250 nm and
AR = 5 cylinder (Supplementary Fig. S4.6h), changing taper angle from 0° to -2°
enhances trap stiffness, but -4° taper renders the cylinder untrappable. Importantly,
this result also advises us about what are the fabrication error-tolerant cylinder sizes,
with which the particles can be always 3D-trapped even with small variations in taper
angles. For example, d = 200 nm and AR = 4-6 cylinders can be 3D-trapped regardless
of the taper angle variations of +4°. For the fabricated and optically trappable rutile TiO2
nanocylinder batches (T1-T8), taper angles are rather small (0.1-1.6°) and hence their
trapping behaviors are expected to be similar to those of perfectly straight cylinders.
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Figure S4.7. FEM-Calculated translational and rotational hydrodynamic drag coefficients of
nanocylinders. (a,b) The drag coefficients for translational movements of nanocylinders in water are FEM-
calculated as a function of cylinder diameter and aspect ratio: (a) the axial linear drag coefficients (movement
along the z-axis), (b) the radial linear drag coefficients (movement along either the x-axis or the y-axis). (c)
The drag coefficients for rotational motion of nanocylinders (rotation about the z-axis). These rotational drag
coefficients are used to calculate the maps of the maximum rotation frequency (Fig. 4.2d and Supplementary
Fig. $4.9). The resolution of the maps in (a-c) is AAR = 0.5 and Ad = 25 nm. For Fig. 4.2d in the main text, we
used a drag map with higher resolution, AAR = 0.1 and Ad = 5 nm. The white curves are iso-height contours
(500-4000 nm from left to right, with a step size of 500 nm).
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Figure S4.8. Comparison of experimentally and theoretically obtained stiffnesses and drag
coefficients for trapping of rutile TiO: cylinders and PS spheres. For all trappable nanocylinder batches
(T1-T8) and measured PS sphere batches (P1-P3), the trapping parameters obtained by both FEM
calculations and OTW measurements are shown. The FEM calculations used the SEM-measured average
dimensions for the cylinders and the average diameter provided by the supplier for the spheres. (a) The linear
trap stiffness (i), (b) linear drag coefficient (y;), (c¢) angular trap stiffness (ks), and (d) angular drag
coefficient (ys) of the rutile TiO2 nanocylinders (summarized in Supplementary Table $4.2). (e) The linear
trap stiffness (i) and (f) linear drag coefficient (y;) of the PS spheres (summarized in Supplementary Table
$4.3). In all panels, the gray bars indicate the FEM-calculated values, while the colored symbols (mean) and
red error bars (SD) indicate the experimental values obtained by OTW-measurements of multiple particles
per batch (N = 3-10). The FEM-calculated stiffness values (a,c,e) are scaled down by 50% for a direct
comparison with experimental values (designated as cal. x 0.5). The mean ratios between FEM-calculated and
measured values averaged over all batches are (a) for x: 46% * 16%, (b) for yy: 104% * 22%, (c) for ke: 38%
+ 11%, and (d) for ye: 103% * 9% in case of rutile TiOz, and (e) for xy: 58% = 7% and (f) for y,: 102% * 8%
(mean #* SD) in case of PS. By averaging the linear values (a) and (c) and the angular values (b) and (d) of
rutile TiO2, we arrived at the values quoted in the main text, for k: 42% * 14% and for y: 104% * 17%,
respectively. Overall, the calculations properly predict all observed trends in drag and stiffness.
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Figure $4.9. FEM-calculated linear and angular trapping parameters for different birefringent crystals.
(a-i) For an unbiased comparison with the trapping parameters of (a-c) rutile TiOz nanocylinders, we
performed similar FEM calculations for nanocylinders made of other birefringent crystals that are frequently
used for OTW applications, including (d-f) calcite CaCOs3 and (g-i) quartz SiO2. The calculated parameters are
(a,d,g) the axial trapping stiffness kz, (b,e,h) the maximum torque 7, and (cfi) the maximum rotation
frequency fo. The maximum rotation frequency (fo = 7o/(2mys)) maps are obtained using the FEM-calculated
angular drag coefficients ys (Supplementary Fig. $4.7). Within the calculated range of cylinder dimensions
(d =50-400 nm, AR = 1-10), only rutile TiOz has dimensions that are not 3D-trappable (black pixels) due to
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its highestrefractive index. Each parameter is displayed with the same color scale across the maps of different
materials. Quartz SiO: has the smallest birefringence, and its angular parameters (7, and f,) are very small
(peak values are only 18.7 pN-nm/mW and 4.3 Hz/mW, respectively; for visibility, values are scaled up by (h)
five-fold and (i) ten-fold, respectively). The calculations are performed with A = 1064 nm, NA= 1.2, a = o0, and
n =1.33. The blue curves are iso-height contours (500-4000 nm from left to right, with a step size of 500 nm).
The resolution of the maps is AAR = 1 and Ad = 50 nm. (j-n) Using the FEM-calculated optical trapping
parameters shown in panels (a-i) and drag coefficients (Supplementary Fig. $S4.7), the optical trapping
performances of all three materials are predicted for cylinders with d = 150-250 nm and AR = 3-7. All symbols
and colors are drawn according to the legend in panel (j). (j) The achievable torque-speed regime. The
location of each symbol denotes the maximum torque and the maximum rotation frequency. The inset shows
a magnified view of the quartz SiO: results. (k-1) Allan deviation (AD) analysis '° to elucidate the (k) linear
and (1) angular measurement precisions. All AD values are functions of signal averaging time and 1 s is
assumed. (m) The linear and angular trap relaxation times that define the lower bounds of the temporal
resolutions in measurements 10, (n) The linear and angular trap stiffnesses. In panels (k-n), arrows indicate
the preferable parameter regimes for the superior spatiotemporal resolutions in measurements. In panels (k-
m), the vertical and horizontal red lines are the minimum desired spatiotemporal resolutions for diverse
nanoscale experiments, particularly for single biomolecules (1 pN, 1 nm, 1 pN-nm, 1 degree, and 1 ms). In
panels (j-n), note that all parameters except force AD and torque AD are dependent on input beam power. A
value of 100 mW is assumed for parameters shown in panels (j-m), while the stiffnesses are normalized by
power in panel (n).
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Figure S4.10. Improved methods for nanocylinder fabrication and trap calibration, and validation of
FEM numerical models. (a-d) Our improvements in fabrication protocol, particularly in the etch mask and
e-beam writing, for better control of the nanoscale geometry of rutile TiO2 nanocylinders. (a) The fabrication
steps for improved chromium (Cr) mask for rutile TiO2z etching: (1) cleaning of a rutile TiO2 substrate; (2)
patterning of an e-beam resist layer (CSAR 62, ALLRESIST) on the substrate by e-beam lithography and resist
development; (3) sputtering deposition (AC450, Alliance Concept) of the first Cr layer; (4) top Cr layer lift-off
by attachment and subsequent removal of adhesive tape; (3’-4’) sputtering and lift-off of the second Cr layer
to permit a thicker Cr mask; (5) removal of e-beam resist by solvent (N-Methyl-2-pyrrolidone (NMP), GPR
RECTAPUR® (= 99.5%), VWR Chemicals). The resulting Cr mask has a very high base at center and a tall, thick
surrounding wall. For the Cr mask shown here, the base has ~240 nm peak height and the surrounding wall
is ~350 nm tall and ~40 nm thick. (b,c) The SEM micrographs of the Cr mask before etching, with (b) top-
view and (c) 45° tilted view. (d) The improved e-beam writing pattern for disk-shaped Cr masks. This example
is a disk pattern with d = 100 nm and beam step size of 10 nm. Each red square represents a position for an
exposure of the e-beam. The e-beam writes in concentric rings from the center to the boundary, in a single
sequence. (e,f) The effect of hydrodynamic memory on linear trap calibration of rutile TiO; nanocylinders.
The OTW-measured (solid colored lines) and fitted (solid black lines) power spectral density (PSD) plots for
linear trapping of (e) a PS sphere (batch P3, d = 746 nm) and (f) a rutile TiOz nanocylinder (batch T6, duo =
216 nm, h = 1102 nm). The baseline amplitude (horizontal dashed green line) of each plot is normalized for
a direct comparison. For the rutile TiO: cylinder in panel (f) only, the PSD plot from the radial trapping (along
the y-axis) exhibits a resonance peak in the 1-10 kHz regime, resulting from the very high radial trapping
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stiffness that accompanies the hydrodynamic memory effect (described by the hydrodynamically corrected
PSD function 7 11-13). The PSD plots of the axial trapping of the rutile TiOz cylinder in panel (f) and the axial
and radial trapping of the PS bead in panel (e) do not show any hydrodynamic memory effect due to smaller
trap stiffness values (described by the conventional Lorentzian PSD function 11). (g) Our improved, rapid
calibration method for torque-speed curve measurements in angular trap calibration of rutile TiO:
nanocylinders. The conventional multi-frequency (MF) method of torque-speed curve measurement involves
repeated torque measurements at multiple different polarization rotation frequencies (PRF) 45 1416 In our
frequency-sweep (FS) method, we sweep the PRF through a wide range within only a few seconds using a
wavefunction generator (see Methods in the main text). In this example, we swept from 25 Hz to 7525 Hz in
6 s (i.e., 125 Hz/100 ms), and acquired the signal at a sampling frequency of 100 kHz. The measured signal
can be converted to either block-averaged (red circles) or moving-averaged (red line) signal. The results are
nearly identical and agree with the results from the MF method (blue squares; mean torque signal at steps of
1000 Hz across the measured PRF range and 100 Hz around the peak position). Also, a good fit (black line) to
the theoretical torque-speed equation 15 is possible. (h-m) We validated our FEM models by comparing them
with analytical and other numerical treatments of PS spheres. (h,i) For linear momentum transfer, the force
curves for optically trapped PS spheres obtained from our FEM calculation agree well with other numerical
results (corresponding data points are extracted from the literature figures) for both (h) axial (with d = 200
nm sphere 17.18) and (i) radial (with d = 1 um sphere %) dimensions, when we use a beam with the same focal
width as shown in the literature 17-1, (j,k) For angular momentum transfer, we use the ideal configurations
that were used to derive Eq. 4.1, assuming a birefringent plate of 300 nm x 300 nm cross-sectional area which
is perpendicular to the beam propagation direction (Supplementary Text S4.6.1). We obtained FEM-
calculated maximum torques as a function of either (j) the plate height h (with fixed offset angle 6 = 45° to
show maximal torque values only) or (k) the offset angle 6 (with fixed particle height h = 400 nm as an
example). As anticipated by Eq. 4.1, our results show that the optimal plate height of ~1 pm permits the
maximal torque transfer as shown in panel (j). Also, for a fixed plate height (h = 400 nm), the maximal torque
occurs at 8 = 45° and only smaller or zero torques are generated at other angles, as shown in panel (k). The
red dots in (j) and (k) are the same data point. (I, m) For hydrodynamic drag in aqueous solution, we compare
our FEM models with the well-known analytical equations of spheres for both (1) translational (y, = 6mnr; n
is the dynamic viscosity of water and r is the radius of sphere) and (m) rotational drag coefficients (ys = 8mnr3)
20, The results of our FEM-based hydrodynamic calculations also agree excellently with the theory.

Advantages of improved Cr etch mask fabrication protocols

The previous Cr etch mask made by one-step Cr deposition by evaporation 21 is limited
in the achievable maximum thickness of each mask, and the thickness at its edge is much
smaller than that at its center. As a consequence, the edge of a mask erodes much faster
than the center, resulting in a more tapered cylinder with longer etch time. The eroded
edge also tends to be rough, so the cross section of etched cylinder is prone to be less
circular. However, the improved Cr etch mask, with its reinforced edge and high base,
ensures less tapered angles and a more perfect circular cross section even for extended
etch times. Therefore, it is possible to fabricate tall, high aspect ratio, and small-taper-
angle rutile TiOz cylinders that function as optimal force and torque transducers (e.g.,
cylinder batch T6, h = 1102 nm, AR = 5.1, taper angle 0.2°; Supplementary Fig. S4.4,
Supplementary Table S4.1).

We also improved the design pattern for writing circular disks with e-beam
lithography. The new pattern consists of a single writing sequence and requires much
less time compared to the conventional pattern, which approximates a disk shape with
multiple trapezoidal writing sequences. As a finite overhead time exists for each writing
sequence, the gain in writing time becomes more evident when patterning larger areas.
The previous method also used single-sequence of writing per disk, consists of a single-
pixel exposure with a defocused e-beam. The defocused e-beam is faster over large
arrays of disks (~0.5 h to pattern a circular area with a 4 mm radius). However, e-beam
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fluctuations can decrease the circularity of these disks. Our new method produces more
circular disks and can cover the same area in ~1 h.

Advantages of improved torque-speed measurement method

Using the conventional multi-frequency (MF) method, it is preferable to have a large
number of data points (e.g., 50 Hz step size) for a better fit to the theory and a more
precise detection of the peak position (for demonstration purpose, much less number
of data points are taken than usual in the data set shown in Supplementary Fig.
$4.10g). However, for fast torque transducers like rutile TiOz nanocylinders, a smaller
step size requires excessively long measurement times to switch between PRF values.
The resulting torque-speed curves are prone to distortion by the long-term drift in the
setup. Also, switching between many different frequencies is not practical, especially
for setups with hardware that does not support automated PRF control. For example,
in our setup, measurement of each torque signal costs ~1 min of overhead time due to
the time required to manually switch the PRF and write the data to the hard disk. Hence,
itrequires atleast ~1 h to acquire the data shown in Supplementary Fig. $4.10g using
the MF method with 100 Hz steps. As our frequency-sweep (FS) method allows torque
measurement over a wide range of PRF values in just a few seconds, it is effectively free
from the long-term drift in the setup. Hence, this method offers enhanced reliability and
flexibility in torque spectroscopy.
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4.6.3. Supplementary Tables

Table S4.1. SEM-measured dimensions of rutile TiOz nanocylinders. The SEM-measured dimensions of
rutile TiO2 nanocylinder batches (T1-T8, U1-U6) are listed. The parameters describing the cylinder geometry
include the height (H), the averaged diameter (Dav), aspect ratio (AR = H/D), and the taper angle (o). The
parameter Dav is obtained by averaging the SEM-measured sidewall profile as can be seen in Supplementary
Fig. S4.4c, because the fabricated nanocylinder batches exhibit slight deviations from a perfectly straight
sidewall. For the same reason, the taper angle is calculated from the slope of the linear fit to the averaged
sidewall profile of each nanocylinder batch. Here, a positive (negative) taper angle means that the top flat
surface (i.e., the surface protected by a Cr mask during plasma etching; designated by the yellow lines in
Supplementary Fig. S4.4a,b) is smaller (larger) than the bottom flat surface (i.e., mechanically cleaved
position) of a cylinder. The values are obtained by measuring N = 5-15 different individual cylinders per
batch. For each parameter, the displayed statistical values are the mean, the standard deviation (SD), and the
relative standard deviation (RSD = SD/meanx100).

Trappable cylinders Untrappable cylinders
TL T2 T3 T4 T5 T6 T7 T8 Ul U2 U3 U4 U5 Ue
H (mean) nm 1071 816 578 766 830 1102 828 1115 664 1184 1062 1214 1048 1425

Parameter Unit

H (SD) nm 6 4 7 10 10 14 4 15 10 13 1 3 3 6

H (RSD) % 06 04 11 14 12 13 05 13 1.5 11 01 03 03 05
Doy(mean) nm 166 199 205 214 215 216 229 256 259 259 299 293 326 354
Dav (SD) nm 6 4 5 12 12 16 9 10 6 7 15 9 9 9

Dav (RSD) % 36 21 25 57 57 72 4 41 24 26 49 3 2.7 2.6
AR (mean) 65 41 28 36 39 51 36 44 26 46 36 41 32 4.0
AR (SD) 02 01 01 02 02 04 01 0.2 01 01 02 01 01 01

AR (RSD) % 39 23 29 60 58 72 38 48 31 24 49 29 26 25
o (mean) deg. 05 0.7 -1.6 0.2 -01 02 10 -02 48 04 05 27 0.6 39
N 6 6 15 8 10 6 8 5 5 5 5 5 5 6
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Table S4.2. OTW-measured and FEM-calculated optical trapping parameters of the 3D-trappable
rutile TiOz nanocylinders. The linear and angular optical trapping parameter values for all 3D-trappable
rutile TiOz nanocylinder batches (T1-T8) are listed. Both experimental (mean, standard deviation (SD)) and
numerically calculated (cal.) results are displayed. The linear trapping properties include the radial drag
coefficient (y;), the radial trap stiffness (ky), and the radial trap relaxation time (t.,). Similarly, the angular
trapping properties include the angular drag coefficient (ys), the angular trap stiffness (ks), and the angular
trap relaxation time (t.6). Note that the drag coefficients are independent of trapping beam power, while trap
stiffnesses and trap relaxation times are not. Also, the calculated stiffnesses (linear or angular) represent the
mean of those that result from the two possible trapping orientations. Regarding the angular trapping, the
averaged maximal torque (7,) and angular speed (f5) at 100 mW beam power (scaled from the actually used
~92 mW for rapid interpretation) are also shown. The experimental values are obtained by measuring N =
3-10 cylinders per batch.

Parameter Unit T1 T2 T3 T4 T5 T6 T7 T8
¥y (mean) pN-s/mm 6.0 4.4 2.3 3.7 4.8 4.9 6.4 5.8
¥y (SD) pN-s/mm 1.4 1.3 0.6 1.0 1.9 1.0 23 0.6
¥y (cal) pN-s/mm 4.7 4.3 35 4.2 4.5 5.3 4.6 5.7
Ky (mean) pN/pm/mwW 4.0 3.3 1.3 3.2 4.5 3.8 5.2 7.0
Ky (SD) pN/pum/mwW 0.7 0.9 0.4 1.0 2.0 0.7 1.7 0.9
Ky (cal.) pN/um/mwW 7.8 8.6 5.7 8.7 9.5 11.0 9.2 9.0
tcy (mean) us (at 100 mW) 15 13 18 12 11 13 12 8
tey (SD) ps (at 100 mW) 5 5 7 5 6 3 6 1
tey (cal.) ps (at 100 mW) 6 5 6 5 5 5 5 6
N (linear) 4 7 8 9 9 3 10 3
Yo (mean) pN-nm-s 0.09 010 0.08 014 011 0.15 014 0.24
yo (SD) pN-nm-s 0.01 0.01 0.02 0.05 0.01 0.03 0.04 0.04
o (cal.) pN-nm-s 0.09 0.10 0.08 0.11 0.12 0.16 0.13 0.23
Ko (mean) pN-nm/rad/mwW 67 41 51 94 97 67 95 168
Ko (SD) pN-nm/rad/mW 13 4 8 25 40 9 27 20
Ko (cal.) pN-nm/rad/mwW 117 164 115 196 221 287 285 508
teo (mean) ps (at 100 mW) 14 25 16 15 12 22 14 15
teo (SD) us (at 100 mW) 3 3 4 6 5

teo (cal.) us (at 100 mW) 7 6 7 6 5 5 5 4
To nN-nm (at 100 mW) 3.3 2.0 2.5 4.7 4.8 34 4.7 8.4
fo kHz (at 100 mW) 5.9 3.2 5.1 5.3 6.9 3.7 5.5 5.5

N (angular) 4 7 7 9 8 3 7 3
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Table S4.3. Dimensions and linear optical trapping parameters of the PS spheres. The dimensions and
linear optical trapping parameter values for all measured PS sphere batches (P1-P3) are listed. For sphere
diameter, the displayed statistical values are the mean, the standard deviation (SD), and the relative standard
deviation (RSD = SD/meanx100). These values are provided by the supplier of the spheres. For linear optical
trapping parameters, both experimental (mean, standard deviation (SD)) and numerically calculated (cal.)
results are displayed. The trapping properties include the radial drag coefficient (y;), the radial trap stiffness
(xy), and the radial trap relaxation time (t.,). Note that the drag coefficients are independent of trapping beam
power, while trap stiffnesses and trap relaxation times are not. The experimental values are obtained by
measuring N = 5-7 different individual spheres per batch.

Parameter Unit P1 P2 P3
D (mean) nm 370 505 746
D (SD) nm 15 8 2

D (RSD) % 41 1.6 0.3
¥y (mean) pN-s/mm 3.7 4.1 6.6
¥y (SD) pN-s/mm 0.3 0.4 0.5
yy (cal.) pN-s/mm 33 4.4 6.6
Ky (mean) pN/pum/mwW 0.9 1.5 2.7
Ky (SD) pN/pum/mwW 0.1 0.2 0.2
Ky (cal.)) pN/pum/mwW 1.5 3.1 4.2
tey (mean) us (at 100 mW) 39 27 25
tey (SD) us (at 100 mW) 5 4 2

tey (cal) us (at 100 mW) 22 14 15

N 5 6 7
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Quantifying the Precision of
Single-Molecule Torque and Twist
Measurements Using Allan Variance

Single-molecule manipulation techniques have provided unprecedented insights into
the structure, function, interactions, and mechanical properties of biological
macromolecules. Recently, the single-molecule toolbox has been expanded by
techniques that enable measurements of rotation and torque, such as the optical torque
wrench and several different implementations of magnetic (torque) tweezers. While
systematic analyses of the position and force precision of single-molecule techniques
have attracted considerable attention, their angle and torque precision have been
treated in much less detail. Here, we propose the Allan deviation as a tool to
systematically quantitate angle and torque precision in single-molecule measurements.
We apply the Allan variance method to experimental data from our implementations of
(electro-) magnetic torque tweezers and an optical torque wrench and find that both
approaches can achieve a torque precision better than 1 pNMm. The optical torque
wrench, capable of measuring torque on (sub)-millisecond timescales, provides the
best torque precision for measurement times < 10 s, after which drift becomes a
limiting factor. For longer measurement times, the magnetic torque tweezers with their
superior stability provide the best torque precision. Use of the Allan deviation enables
critical assessments of the torque precision as a function of measurement time across
different measurement modalities, and provides a tool to optimize measurement
protocols for a given instrument and application.

This chapter has been published as: Maarten M. van Oene’, Seungkyu Ha’, Tessa Jager, Mina Lee, Francesco
Pedaci, Jan Lipfert, and Nynke H. Dekker, “Quantifying the Precision of Single-Molecule Torque and Twist
Measurements Using Allan Variance”, Biophysical Journal 114, pp. 1970-1979 (2018). (*equal contribution)
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5.1. Introduction

Single-molecule manipulation techniques have provided unprecedented insights into
the structure, function, interactions, and mechanical properties of biological
macromolecules 7. Many single-molecule manipulation techniques, notably optical
tweezers and atomic force microscopy, naturally operate in the space of (linear)
extension and force. However, frequently biological macromolecules are subject to
torsional strain, and the molecular motors that translocate along them must be able to
progress amidst accumulated twist and torque. To quantify these phenomena, a
number of techniques that enable measurements of rotation angle and torque & 9 have
been developed recently. Examples of such techniques (reviewed in Ref. 9) include the
rotor bead tracking assay 1015, optical torque tweezers 16-28, and various extensions of
magnetic tweezers, comprising magnetic torque tweezers 29-32, freely-orbiting magnetic
tweezers 33 34 and electromagnetic torque tweezers 35. While the field of force
spectroscopy has benefited from systematic analyses of the position and force precision
of single-molecule techniques 3644, torque and twist measuring techniques would be
enriched by a better understanding of the achievable precision in angular detection and
the determination of torque.

Here, we propose the Allan deviation (AD) 3849 as a criterion to systematically
quantitate the angle and torque precision in single-molecule measurements. The AD
allows us to critically assess the torque precision as a function of measurement time
across different measurement modalities (e.g. magnetic versus optical torque
tweezers) that rely on distinct physical principles. Being a real space quantity and
having the same units as the observable of interest, it provides an intuitive and direct
way to quantify and interpret precision 3844 In addition to enabling direct quantitative
comparisons of different torque and twist measurement strategies, use of the AD in a
systematic way provides an experimental user with a very convenient tool with which
to optimize the measurement protocol for a given instrument and system. Here, we
investigate the AD method using simulated traces and demonstrate its application to
various implementations of (electro-) magnetic torque tweezers (eMTT and MTT) and
an optical torque wrench (OTW). Using the AD analysis, we arrive at clear
recommendations, e.g. for the optimal in-plane magnetic field strength in the eMTT and
for choosing an optimal trapping laser power in the OTW.

5.2. Materials and Methods

5.2.1. Definition and properties of the Allan deviation

Given a time series of N observations of some quantity 6, recorded at a sampling
frequency fs over a total measurement time tmeas = N/f;, the Allan variance (AV) of 0 for
the time interval 7 is defined as 42 43.45;

05 (@) = H{(Br1 — )2, Equation 5.1
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where 0; is the mean of the it measurement interval of length 7. The angle bracket <...>
denotes the arithmetic mean over all measurement intervals. In other words, the AV is
one half of the averaged square distance between the means of neighboring intervals.
From its definition, the value of the AV is always greater than zero; it can only be
computed for time intervals T < tmeas/2; it is additive for independent signals, i.e., the AV
is the sum of the individual AVs; and it is linear, i.e., a linear scaling of 8, 8’ = a/8, will
simply scale the AV: 0¢?(t) = a?-0¢%(7). The property of linearity is convenient since it
allows for analysis of uncalibrated signals with the AV (e.g. one can analyze the voltage
signal from a quadrant photodiode, position sensing detector, or photodiode without
having to first convert to position or torque units). In addition, the linearity enables
simple conversion from angle to torque signal (by multiplication with the rotational
trap stiffness, ks, in units of pNMm/rad) before or after evaluation of the AV. The Allan
deviation is defined as the square root of the Allan variance: oo(t) = (06%)1/2. Since Allan
deviation has the same units as the quantity under investigation, it may be more
intuitive to report Allan deviations rather than Allan variances.

5.2.2. Computation of the Allan variance

In practice, the AV is estimated from a data set with a finite number of measurements
using a discrete form of Eq. 1. In the simple form of the AV, the data is split in M bins of
m data points each, and the value of each bin is the mean over its m data points. The
mean-squared difference of consecutive bins estimates the AV:

M-1
1 _ ~
g (mty) = 2M=1) Z (Bi1 — 6%, Equation 5.2
i=1

where s is the sampling period and 0; is the mean of the it" bin of length mts. The
sampling period is taken to equal the integration time. For camera-based detection in
the magnetic tweezers this assumes no dead time between frames, which is justified
given the typical dead time (~10 ps) relative to the integration time (~10 ms). For
photodiode-based detection in the OTW, the situation is quite different: while the
effective integration time is very fast (~10 ns), the photodiode is only read out at ~100
kHz. The inverse of this rate (~10 ps) is analogous to a dead time, as no signal averaging
occurs. Thus, in the OTW the dead time far exceeds the integration time. However, the
application of Eq. 5.2 remains valid in all situations considered in this work since the
sampling period is much shorter than the characteristic time of the system
(Supplementary Text S5.6.1). For each value of m, m frameshifts exist to compute the
AV (Fig. 5.1A). The use of all of these frameshifts improves the estimate of the AV, and
is known as the “overlapping” AV (Eq. $5.3 in Supplementary Text $5.6.2).

While the AV is defined for all values of m (up to the maximum m = N/2), the
AVs for successive values of m are not independent and can be nearly identical, because
most values in a bin of size m are identical to the values in a bin of size m + 1. For fitting
of the AV data, it is therefore advantageous to calculate the octave-sampled AV by
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choosing m = 2integer, which ensures nearly independent differences 46 47. We compute
the AV 39 using a publicly available Matlab function 4°. All AV curves are fit using
maximum likelihood estimation (MLE) using the shape factor by Lansdorp and Saleh 47
(Eq. $5.4 in Supplementary Text $5.6.3).

5.2.3. Analytic expression for the Allan variance of a Brownian particle in a
harmonic trap

We employ the analytical expression given by Lansdorp and Saleh 47-48 for the AV of a

particle undergoing Brownian motion in a harmonic well, and apply it to the case of

rotational motion:

02=A(E)2(21+4ex (—1)—ex (—21)—3) Equation 5.3
] z I, P I, p I, ) q .
where A = kgT/Kke and 7. = yo/Ke. Here, ye is the rotational friction coefficient and g is
the trap stiffness of the rotational trap. Note that ksT/ke = Var(6) according to the
equipartition theorem. We determine the friction coefficient ys and the trap stiffness ko
by fitting the expression (Eq. 5.3) to our data using a maximum likelihood estimation

algorithm 47. In the short time averaging limit, where diffusion is dominant, the AV
reduces to:

o} = %DT, Equation 5.4
where D is the diffusion constant, which, according to the Einstein-Smoluchowski
relation, equals ksT/ye.

In most single-molecule experiments, the short time regime provides little
information about the system under study, because the particle can barely respond to
changes on these time scales, particularly for often relatively slow torque
measurements. For long averaging times, the AV reaches the so-called thermal limit,
where it reduces to:

Te 5 Var(8)  2kgTyy

2 —
09—2A 2
T n KgT

) Equation 5.5

where n = /7. defines the number of independent observations. The averaging reduces
the variance with the number of independent measurements n and, therefore, the AV
decreases inversely proportional to 7, improving the angle precision. In between these
two limits, the AV peaks at Tmax, with the best estimate of Tmax (= 1.89261c) coming from
the numerical solution of Eq. 5.3 as opposed to the analytical solution of Egs. 5.4, 5.5
(= \/§Tc)-

Egs. 5.3-5.5 can be converted from angle to torque AV by straightforward
application of the property of linearity: in the harmonic approximation, torque I is
proportional to angle 6 (I" = -ke-8), and hence or? = ke?-062. Thus, the thermal limit of the
torque AV is given by:

2 _ ZkBTYQ

o2 . Equation 5.6
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In this limit, the AV for torque is independent of the trap stiffness kg, suggesting that
stiffness has no effect on the torque precision in the regime where the measurement
precision is limited by thermal fluctuations 32.

5.2.4. Stochastic simulations of rotational motion

To test our Allan deviation analysis and to illustrate the effects of various system
parameters, we simulate stochastic time traces of rotational motion using numerical
solutions to the corresponding overdamped Langevin equation (Fig. 5.1). To simulate
the rotation angle as a function of time 6(t), we discretize time into time steps At. The
angle at time step i + 1, i1, is given by the discretized overdamped Langevin equation
as:

Fexternal + rthermal) At,
Ve
where the right-hand side only involves quantities known at time step i; ys is the

0141 = 0; + ( Equation 5.7

rotational friction coefficient (in units of pNMmI{), lexternal is the external torque, and
Tthermal = N(0,1)-(2ksTys/At)1/2, with the thermal energy, ksT = 4.1 pNm at room
temperature, and N(0,1) is Gaussian distributed noise with zero mean and unit
standard deviation. The Langevin dynamics simulations were implemented using
custom Matlab routines (Supplementary Text $5.6.4).

5.2.5. Allan deviation measurements with magnetic tweezers

Torque application in magnetic tweezers relies on the alignment of superparamagnetic
micron-sized beads or microspheres (referred to as ‘beads’ from here on after) with an
externally applied magnetic field 52950, Both MTT and eMTT employ a predominantly
vertically oriented field generated by a cylindrical magnet, and a smaller field in the
horizontal direction generated by a side magnet in the MTT 32 (Fig. 5.2A) or by
electromagnets in the eMTT 35 (Fig. 5.3A). The in-plane field generates a sufficiently
weak angular trap to perform experiments on soft molecules, like DNA. Torque
measurements in MTT and eMTT rely on tracking the rotational angle of the bead and
observing changes in the equilibrium angle position of the bead inside the trap upon
applying twist to a molecule of interest tethered between a surface and the magnetic
bead. The torque is determined from the product of the angular shift and the trap
stiffness, and hence the angle Allan deviation can be determined directly from the
angular traces, while the torque Allan deviation requires a calibrated trap stiffness.
Limitations in angular tracking will therefore also affect the torque precision.

Our MTT and eMTT measurements of the Allan deviation use custom-built
instruments described in detail elsewhere 3235, In brief, they employ double-stranded
DNA constructs bound to a flow cell surface via multiple digoxigenin-antidigoxigenin
interactions and to superparamagnetic beads via multiple biotin-streptavidin
interactions in PBS buffer. Bead sizes and DNA tether lengths are indicated in the main
text and figure legends.
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5.2.6. Allan deviation measurements with optical tweezers

The OTW is an extension of conventional optical tweezers that exploits the exchange of
angular momentum between a nanofabricated, birefringent particle and a polarized
trapping beam to apply and measure torque 16-28, Unlike the magnetic tweezers, which
employ standard commercially available magnetic beads (whose magnetic anisotropy
governs the achievable torque levels 59, and where a choice of diameters permits control
over the drag coefficient), for the OTW no comparable particles exist. Instead, one
typically custom fabricates birefringent dielectric particles using one of several
fabrication routes (top-down, bottom-up), materials (quartz SiO: (0.009), vaterite
CaCO0s3 (0.1), calcite CaCOs (-0.16), rutile TiO2 (0.26); optical birefringences specified in
parentheses), shapes (spherical, cylindrical, etc.), and dimensions (with a size scale of a
few pm being most prevalent) 23-28, In our custom-built instrument 22, we measure on
cylindrically shaped rutile TiOz nanoparticles (diameter ~215 nm, height ~765 nm)
fabricated in our cleanroom facility 2e.

In the OTW, the optical tweezers trap a birefringent cylinder with its long axis
aligned with the propagation direction of the light (Fig. 5.4A). The linear polarization
of the trapping laser clamps the angular position of the rutile TiOz cylinder, and rotation
of this polarization controls rotation of the particle about its long axis 2¢. The imbalance
between left and right circularly polarized components in the output of the trap
provides a direct measure for the exchange of angular momentum inside the trap, and
hence a measure for the optical torque transferred to the particle. In the Allan deviation
measurements, we fixed the direction of the linear polarization, and measured the
fluctuations around this equilibrium position (Supplementary Figs. S5.8A, S5.9A).
The power of the trapping laser is tuned using a half-wave plate and a polarizing beam
splitter, in the range of 10-80 mW at the laser focus.

5.3. Results

The Allan deviation (AD) is the square root of the Allan variance, a type of variance that
uses samples averaged over variable time intervals 7 and that is computed from the
difference between neighboring intervals (Materials and Methods). While other
approaches to quantify precision exist (e.g., other variances, autocorrelation, or power
spectrum analyses (Supplementary Text $5.6.5, S5.6.6)), we find AD to be a
particularly convenient measure for several reasons: i) the AD at time 7 provides a
direct and intuitive measure of the precision expected for a measurement of a given
duration; ii) being a real space quantity, the AD is immediately in the same units as the
measured quantity of interest; iii) the AD is powerful in detecting low frequency, long
time scale drifts 43, which are critical for single-molecule measurements of torque and
twist; and iv) the AD can be straightforwardly computed from the raw experimental
data, without the need to be calibrated a priori. In the following, we explore the use of
AD to quantify the angle and torque precision of single-molecule measurements. First,
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we present the results of stochastic simulations to introduce the concept of AD and
validate our approach. We then use AD to compare the precision of three different
single-molecule torque spectroscopy techniques: magnetic torque tweezers (MTT),
electromagnetic torque tweezers (eMTT), and an optical torque wrench (OTW).

5.3.1. Allan deviation analysis of simulated traces

To explore the effects of the various system parameters on the AD, we simulated traces
of the stochastic rotational motion of a bead subject to Brownian fluctuations while held
in a harmonic trap (Fig. 5.1B-D and Supplementary Fig. S$5.1). The simulated
rotational motion (about an axis through the bead’s center of mass) reveals the effects
of varying rotational trap stiffness ko and rotational drag coefficient ys on the angular
time trace (Fig. 5.1B) and on the angle AD (Fig. 5.1C) and torque AD (Fig. 5.1D). In the
green data set, yo = 10 pNMmI(s and ke = 1000 pNm/rad, such that the characteristic
time is 7c = yo/ke = 10 ms. To compare the effect of different drag coefficients, we
simulate the red data set with the same stiffness but a ten-fold higher drag coefficient,
ye = 100 pNMm[s. To compare the effect of different stiffnesses, we generate the blue
data set with the same drag coefficient as the green data set but ten-fold lower trap
stiffness, ko = 100 pNMm/rad. All other parameters are identical for the three simulated
traces.

The simulated angle traces provide an instructive example of how the system
parameters affect the observed behavior. The widths of the histograms (Fig. 5.1B) -
and thus the amplitude of the angular fluctuations - are indifferent to changes in drag
coefficient (compare green and red datasets), but are affected by changes in stiffness
(compare green and blue datasets); a decrease in stiffness causes increased angular
fluctuations, as expected from the equipartition theorem. Another feature visible in the
angle traces is the time scale over which the angular fluctuations occur. The fluctuations
in the green data appear “denser” on the time axis, compared to the red and blue data,
due to the fact that the characteristic time 7. for the green dataset (10 ms) is smaller
than for the red and blue datasets (100 ms).

The ADs (Fig. 5.1C,D) for our simulated traces all display the expected trend of
an initial rise proportional to t 1/2 and a transition to a decrease proportional to 7 -1/2
for larger 7 43. Changing the drag coefficient causes a shift of the curve on the time axis
in both angle and torque Allan deviations (green and red datasets). This shift indicates
that a higher drag coefficient is linked to slower dynamics, consistent with the higher
characteristic time t.. For the angle AD (Fig. 5.1C), the change in stiffness initially has
no effect: the curves overlap in the diffusion limit (green and blue datasets, Eq. 5.4).
However, at longer time scales, a higher stiffness results in an improved angular
precision (Eq. 5.5). In contrast, different stiffnesses do not alter the torque precision
for large t (Fig. 5.1D), since in the thermal limit, the torque precision is independent of
the trap stiffness ko (Eq. 5.6). The analytical expression for the Allan variance (Eq. 5.3)
provides an excellent fit to the data, and we recover the values for ks and ys input into
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Figure 5.1. Allan deviation of simulated traces. A) Illustration of the octave-sampled overlapping Allan
deviation. The example trace (black) contains 16 data points. Each data point is recorded during the sampling
period ts. The data are split into bins of m data points. In octave-sampled data, m = 2integer (going from red to
yellow, m = 1, 2, 4, 8). Splitting in bins is possible in m different frame shifts. For m = 8, only three frame shifts
are displayed for clarity. B) Simulated angular traces » 1700 s each sampled at 50 kHz (corresponding to
8.5%x107 data points), for rotational Brownian motion of particles in harmonic traps. The left panel shows a
zoom-in on the first 50 s of the traces, and the right panel shows the histograms for the full traces. The traces
are offset vertically for clarity. The red, green, and blue traces are simulations with drag coefficient ys = 100,
10, and 10 pNMmls, and trap stiffness ks = 1000, 1000, and 100 pNim/rad, respectively. C,D) Angle and
torque Allan deviation (AD) for the traces in B). Colored lines (circles) reflect the normal AD and octave-
sampled overlapping AD, respectively. The results of the fits are indicated by solid black lines and their
extrapolations as dashed black lines (Eq. 5.3). The fitted parameters are ys = 99.4 + 0.1, 9.9 + 0.01, and 10.0
+0.01 pNMmld and kg = 1009.6 + 36.6,998.9 + 9.7, and 99.6 + 2.9 pNm/rad for the red, green, and blue data,
respectively, from N = 5 independent simulated traces for each condition. The dash-dotted and dashed
magenta lines are the diffusion and thermal limits, shown for the green datasets only.

the simulations, confirming the validity of the method (Fig. 5.1C,D, where the range of
fitted data, indicated by the black solid lines, is constrained at the shortest and longest
integration time limits to avoid the influence of noise not taken into consideration in
Eq. 5.3).

5.3.2. Angle and torque precision in the MTT

The MTT employ a cylindrical magnet to generate a predominantly vertically oriented
field and a side magnet to apply an additional, smaller field in the horizontal direction.
MTT measure torque by detecting changes in the equilibrium position of the bead-
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rotation angle about the tether axis upon over- and underwinding nucleic acid tethers
30-32 (Materials and Methods and Supplementary Fig. S5.2A-C). Here, we analyze
traces of angular fluctuations recorded in our MTT implementation (Fig. 5.2A) using a
2.8 um diameter magnetic bead and a 1 pm diameter non-magnetic fiducial marker
bead to track the rotation angle about the tether axis from analysis of the camera images
51 (Fig. 5.24, inset). We focus on a representative data set consisting of 32 angle traces,
recorded while over- and underwinding a 7.9 kbp DNA molecule tethered between the
magnetic bead and the flow cell surface and held at a stretching force of ~2 pN
(Supplementary Fig. S$5.2C). Upon over- and underwinding the DNA by integer
numbers of turns, systematic changes of the equilibrium angle position are visible
(Supplementary Fig. S5.2C, middle panel, left axis). These can be related to the
changes in the torque exerted by the molecule (Supplementary Fig. S5.2C, middle
panel, right axis) by multiplying with the mean trap stiffness (deduced from the fits to
AD curves, as detailed below; and equivalent to deducing the trap stiffness from the
standard deviation of the angular fluctuations, Supplementary Fig. $5.2C, top panel).
In addition, we observe that tether extension decreases rapidly past the buckling point
of the DNA molecule for positive turns (corresponding to overwinding), but stays
approximately constant for negative turns (corresponding to underwinding), due to
torque-induced DNA melting 3252 (Supplementary Fig. S5.2C, bottom panel).
Applying our AD analysis to the angle traces recorded in the MTT at different
numbers of applied turns reveals some variability, but indicates that we generally reach
an angle precision of ~1° for a 50 s measurement (Fig. 5.2B). From fits of the analytical
expression (Eq. 5.3) to the angle AV data, we obtain the trap stiffness for each trace
(Fig. 5.2D), revealing a ~13% variation from trace to trace, without any systematic
changes throughout the measurement (Supplementary Fig. S5.2D). This yields a mean
trap stiffness of 339 + 45 pN-nm/rad, in excellent agreement with the value obtained
from directly computing the standard deviation of the angular fluctuations (330 + 46
pN-nm/rad). Multiplying each angle AD curve by its fitted value of the trap stiffness, we
convert the angle to a torque signal (Fig. 5.2C). AD analysis of the torque signal
indicates that the torque precision in the MTT follows the thermal limit (Fig. 5.2C,
dashed magenta line) for measurement times longer than ~2 s and reaches ~5 pN-nm
after 50 s (Fig. 5.2C). These results are consistent with our previous torque precision
estimate for this setup 32 of 1-3 pN-nm for a 300 s measurement. In addition, we obtain
values for the drag coefficient from the AV fits that exhibit systematic changes with DNA
tether extensions, increasing by ~70-80% upon decreasing the extension from 2.4 pm
to 0.7 um (Fig. 5.2E). Both the observed value for the drag coefficients and the
dependence on DNA extension are in reasonable agreement with the predictions of a
model (Fig. 5.2E, solid black line) that describes the rotation of a 2.8 uym diameter bead
along a circular trajectory, taking into account the increase in friction coefficient due to
the proximity of the flow cell surface 53 54 (see Eq. $5.10 in Supplementary Text
$5.6.7). The observed dependence of the friction coefficient on DNA tether extension
highlights the ability of our AD analysis to detect subtle changes in measurement
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Figure 5.2. Angle and torque precision in the magnetic torque tweezers (MTT). A) Schematic of the
“classical” MTT implementation 32. Angle tracking is achieved by attaching a smaller (1 um diameter) non-
magnetic marker bead (green) to a larger (2.8 pm diameter) magnetic bead (brown) and tracking the rotation
of the bead pair from CCD images (inset). The magnetic bead is tethered to a glass slide (blue) by a single DNA
molecule (black), held and manipulated in a weak rotational trap set up by a vertically aligned permanent
magnets with a side magnet added (on top). The axis of bead rotation is indicated by the vertical dashed black
line. B) Octave-sampled overlapping Allan deviation (AD) of 32 angle traces of 100 s each sampled at 35 Hz
(corresponding to 3.5X103 data points), recorded in a torque measurement on a single 7.9 kbp DNA molecule
(each trace is shown as a distinctly colored solid line, denoting the number of applied turns). The octave-
sampled points for a single trace are shown as black circles. The fit of the analytical expression for the AV (Eq.
3) is shown as a solid black line and its extrapolation as a dashed black line. The thermal limit is indicated as
a dashed magenta line. C) Torque AD of the same traces as B) obtained by multiplication with the
corresponding trap stiffnesses (color-coding is as in B)). Similar to B), octave-sampled points for one trace
are shown as black circles and the fit to Eq. 3 is shown as a solid black line, and its extrapolation is shown as
adashed blackline. The thermal limit is indicated as a dashed magenta line. D) The values for the trap stiffness
ko determined from the fits for all traces in B). The data are approximately Gaussian distributed (solid black
line) with a standard deviation of ~45 pN@m/rad. E) Rotational friction coefficients ys (distinctly colored
circles) determined from the AV fits for all traces in B) shown as a function of the height of the bead above
the flow cell surface. The color-coding denotes the number of applied turns. The solid black line reflects a
prediction for the rotational friction coefficient of a 2.8 um diameter bead rotating on a circular trajectory,
taking into account corrections due to the presence of the surface.

parameters and demonstrates the importance of taking into account surface proximity
effects when evaluating friction coefficients in single-molecule measurements 55.
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5.3.3. Angle and torque precision in the eMTT at different fields

eMTT (Fig. 5.3A) are similar to MTT, with the main difference that in the eMTT
electromagnets (implemented as two pairs of Helmholtz coils) generate the field in the
horizontal direction. eMTT have the advantage over MTT that the horizontal field
component is readily tunable by altering the current in the Helmholtz coils 35. The
ability to tune the trap stiffness, however, raises the question what stiffness, if any, is
optimal for a given torque measurement application. To explore the effects of trap
stiffness and bead size, we measured angular fluctuations and analyzed the ADs of
several, differently-sized, DNA-tethered beads in the eMTT (Supplementary Figs.
$5.3-S85.5); for each bead size, measurements were carried out at different applied
currents in the Helmholtz coils, corresponding to different applied fields in the
horizontal direction. We present the results of a single 0.7 pm diameter bead trapped
at different magnetic field strengths in Fig. 5.3.

From the AD of the angle signal in the eMTT, it is apparent that higher fields,
corresponding to higher trap stiffnesses, give rise to a better angle precision (Fig. 5.3B).
For the 0.7 pm diameter beads, the measurements reach ~1° precision in 3 s at the
highest field strength of 16 mT (Fig. 5.3B, lightest brown). This is much faster than what
was observed in the MTT (~50 s, Fig. 5.2B), despite the lower trap stiffness employed
in the eMTT, and results from our use of much smaller beads in the eMTT measurement.
Converting the angle AD to torque AD by multiplication with the trap stiffness (itself
deduced by fitting the corresponding angle AD curve), we find that the torque precision
measurements are independent of trap stiffness in the thermal limit, i.e. at times longer
than ~1 s (Fig. 5.3C), as is expected from Eq. 5.6. The torque AD is identical for all
employed trap stiffnesses for times between 1 and 100 s, and already reaches a torque
precision of ~5 pNMm after 1 s, again much faster than in the MTT (~50 s, Fig. 5.2C)
due to the smaller beads used here. The torque precision reaches ~0.5 pNmm for 100 s
measurements (Fig. 5.3C). The angle ADs are well described by the analytical
expression in Eq. 5.3, yielding fitted drag coefficients ys (Fig. 5.3D) that are
independent of the magnetic field, as expected, and fitted trap stiffnesses ks (Fig. 5.3E)
that increase monotonically with the magnetic field. In the field range used in our
implementation of the eMTT (1-16 mT), the dependence of k¢ on field can be reasonably
approximated as linear 35 (Fig. 5.3E, dashed black line).

In these eMTT measurements, we start to see deviations from the thermal limit
behavior (o 7 -1/2) after ~100 s, and the torque AD signals for different field strengths
begin to differ. In general, for times longer than ~100 s, the torque AD is higher for
higher field strengths, due to pronounced drifts apparent as increases in the torque AD
with time for long times (Fig. 5.3C, see traces at 4 and 8 mT). The drifts are very likely
due to heating of the coils when running relatively high currents to achieve high fields
for extended periods of time. Our present implementation of the eMTT requires ~16 A
to achieve ~16 mT field and is air-cooled only 35. The heating is most dramatically
visible in the trace at 16 mT, which had to be terminated after ~280 s (Supplementary



108 Chapter 5

w
o

AD angle (deg.)

_
w o

—_

~—

——
P
-

o o
- W

0.03 L., ) . . ‘

- W
o O

w

Nucleic aci

D torque (pN-nm)

tether
0.3
0.1k
< 003 ] 1 1 1
Helmholtz coils 102107 10° 10" 10 103
Averaging time 1 (s)
3 e - 3I1 Bieo) R I
€ 5 A L’ £ 10%¢
S 4 1 € =’ <
=z c 80 L’ =z 101
ol 1z © 2
D Q— D
2ol . B "oo-é. , ] =100 , o
0 8 16 ¥ 0 8 16 05 1 2 34
Field (mT) Field (mT) Bead diameter (um)

Figure 5.3. Angle and torque precision in the electromagnetic torque tweezers (eMTT). A) Schematic
of the eMTT setup 3°. A magnetic bead (brown) is tethered to a glass slide (blue) by a single 3.4 kbp DNA
molecule (black). The bead is lifted off from the surface by a cylindrical magnet (on top). Four coils (only two
are shown here) generate an in-plane magnetic field to orient the bead. Here, the angular orientation of the
magnetic bead is deduced from its spatial position within a circular annulus whose radius is set by the
distance between the tether attachment point and the pole of the magnetic bead 35. The axis of bead rotation
is indicated by the vertical dashed black line. B) Angle Allan deviation (AD) of angle traces = 2600 s each
(exceptat 16 mT; 280 s) sampled at 100 Hz (corresponding to 2.6X10° data points), recorded on a single DNA
tethered bead at 1, 2, 4, 8, and 16 mT (going from dark brown to light brown). Colored lines (circles) reflect
the normal AD and octave-sampled overlapping AD, respectively. The octave-sampled data are used to fit
(solid black lines) the data to the analytical expression (Eq. 5.3), and their extrapolations are shown as
dashed black lines. The dashed magenta line indicates the thermal limit for the stiffest trap. C) Torque AD of
the same traces as B) obtained by multiplication with the corresponding trap stiffnesses. The color-coding is
the same as in B). The dashed magenta line indicates the thermal limit. D,E) The values of the rotational drag
coefficient ys and the rotational trap stiffness ko obtained from the fits in B). The data points and their
corresponding error bars denote the average and standard deviation, respectively, from N = 5 independent
measurements. In D), the dashed black line is a constant-value fit to the drag coefficients. In E), the dashed
blackline is a linear fit to the data through the origin. F) Drag coefficients from AV fits for three different bead
sizes (d = 0.7, 1.05, and 2.8 pm; Supplementary Figs. S5.3-S5.5). Red circles and error bars are the drag
coefficients (mean *+ STD) determined from AV fits for differently sized beads (Supplementary Figs. $5.3G-
$5.5G) averaged over measurements at different field strengths. Black squares are the predictions from Eq.
$5.10. The solid blue line is a fit of the scaling relation ys~ d3.

Fig. S5.3A) as the coils reached a temperature of 60 °C, at which point they are shut
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down by an automatic safety switch. A clear recommendation that emerges from the AD
analysis is, therefore, to run at low field strengths and thus trap stiffnesses in the eMTT
for optimal torque measurements: in the absence of drift, higher trap stiffnesses do not
confer any disadvantages in the torque precision; yet the high currents required for
high trap stiffnesses tend to cause significant drifts due to heating and thus
deterioration of the torque precision for times longer than ~100 s. In contrast, for low
currents and trap stiffnesses, we observe very low levels of drifts even for (very) long
measurements, and reach, e.g, a best precision of ~0.1 pNMm for ~1000 s
measurements at < 2 mT.

5.3.4. Angle and torque precision in eMTT for different bead sizes

In addition, in the eMTT experiments we probe the effect of different drag coefficients
by comparing different bead sizes at roughly constant trap stiffness (Supplementary
Fig. §5.6). Similar to the simulations (Fig. 5.1C,D), a higher drag coefficient shifts the
AD curve to longer time scales. At intermediate averaging times 7 ~10-100 s, the
smaller the bead, the better the angle and torque precision, as expected from the
corresponding thermal limits (Eqs. 5.5, 5.6, respectively). The rotational drag
coefficients obtained from the AV fits (Fig. 5.3F, red circles) are in good agreement with
predictions of the model (Fig. 5.3F, black squares) that take into account the bead and
tether geometry and surface effects (Eq. $5.10), and roughly follow a ys ~ d° scaling,
where d is bead diameter (Fig. 5.3F, solid blue line). The bead size analysis confirms
that a decrease in drag coefficient improves the precision in both angle and torque.

As an independent test of the torque precision achieved in the eMTT, we
analyzed a high-precision DNA torque measurement that employed 1 pm diameter
beads and a measurement time of 200 s per measurement point (Supplementary Fig.
S$5.7A). The torque AD analysis (Supplementary Fig. S5.4F) suggests that this
measurement should achieve a torque precision of ~0.5-0.9 pNm at ~200 s. We
analyzed the deviations of the measured torque values from a strictly linear behavior
in the elastic response regime (Supplementary Fig. $5.7B) and the deviations from
constant torque in the DNA melting regime (Supplementary Fig. S5.7C). The
deviations are approximately Gaussian distributed with a standard deviation of 0.9 and
0.6 pNMm for the two regimes respectively, in excellent overall agreement with the
expected precision from the AD analysis.

5.3.5. Angle and torque measurements in the OTW

In the optical tweezers measurements, we keep the linear polarization of the trapping
beam fixed and measure the torque transferred from the laser beam to a trapped,
birefringent cylinder undergoing thermal fluctuations (Materials and Methods, Fig.
5.4A). The cylinders are fabricated out of rutile TiOz, selected over other materials (e.g.
quartz SiO2) for its extraordinarily high birefringence. While the OTW directly
measures angular momentum transfer, and thus torque, the torque traces are recorded
in voltage. The corresponding AD can be converted to either the angle AD in degrees



110 Chapter 5

Laser output | —
lens

_
Birefringent
particle
Flow cell

lens

Laser input _—
“»n 0.15F ' N
D ¥ “lge =
c 0.1
pd
S 005}
D
= ol
E S |
@ 3000 &
E
c 1500 &
=z Y
\.Q; 0,‘,” ) . ] 0.1 Erowd o vvvvd v vvind vovind vvend vl vl sl
v 0 20 40 10°10%10° 102 10" 10° 10" 10°
Power (mW) Averaging time 1 (s)

Figure 5.4. Angle and torque precision in the optical torque wrench (OTW). A) Schematic of the OTW
setup 22. The objective lens focuses a linearly polarized laser beam input (red), and traps a birefringent
cylinder (gray) near the focus within a flow cell. Manipulation of the linear polarization allows us to control
the angular position of the particle. At the output of the trap, the laser light is collected by a condenser lens.
The polarization state of the output reports on the torque transferred from beam to particle. The axis of
cylinder rotation is indicated by the vertical dashed black line. B) Angle Allan deviation (AD) obtained from
C) by division with the corresponding trap stiffnesses. Colored lines (circles) reflect the normal AD and
octave-sampled overlapping AD, respectively. The color-coding is the same as in C). The dashed magenta line
indicates the thermal limit for the stiffest trap. C) Torque AD of torque traces 200 s each sampled at 100 kHz
(corresponding to 2.0x107 data points), recorded on a single rutile TiOz cylinder at 10, 20, and 40 mW (going
from dark blue to light green). The octave-sampled data are used to fit (solid black lines) the data to the
analytical expression (Eq. 5.3, multiplied by k¢?), and their extrapolations are shown as dashed black lines.
The fits only provide two independent parameters, ys and kg, so the system was precalibrated 22 to obtain the
detector sensitivity in units of pN-nm/mV. The dashed magenta line indicates the thermal limit. The dash-
dotted black line has slope +1, corresponding to linear drift. D,E) The values of the rotational drag coefficient
ve and the rotational trap stiffness ko obtained from the fits in C). The data points and their corresponding
error bars denote the average and standard deviation, respectively, from N = 5 independent measurements.
In D), the dashed black line is a constant-value fit to the drag coefficients. In E), the dashed black line is a
linear fit to the data through the origin.

(Fig. 5.4B) or the torque AD in pN-nm (Fig. 5.4C) using parameters obtained through a
separate calibration process 22. We also fit the torque AD (Eq. 5.3, multiplied by x¢?) to
obtain values for the parameters kg and ys. The drag coefficient yo is nearly independent
oflaser power (Fig. 5.4D) and averages to 0.13 + 0.01 pN-nm-s, in good agreement with
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a theoretical value of ~0.12 pN-nm-s 5¢. The angular trap stiffness kg increases linearly
with the laser power (Fig. 5.4E), i.e. quadratically with the electric field amplitude °.
The Allan deviations for the OTW data (Fig. 5.4B,C) report on the precision of this
experimental apparatus. As in the eMTT, we observe that angular precision improves
(e.g. from ~0.03° to ~0.007° at ~10 s (Fig. 5.4B) with increased stiffness (achieved by
increasing laser power from 10 to 40 mW). At the highest laser power, the
measurements reach an angular precision of ~1° after only 0.3 ms; a much shorter
timescale than in the magnetic tweezers measurements that results from the order(s)-
of-magnitude higher trap stiffness and lower drag coefficient in the optical tweezers
(compare panels D, E in Figs. 5.2-5.4). For the torque AD (Fig. 5.4C), all curves
converge to the thermal limit. Similar dependencies for laser powers up to 80 mW were
observed in a separate data set (Supplementary Fig. $5.9).

The best torque precision in the OTW achieved is ~0.3 pN-nm, comparable to
~0.1 pN-nm precision achieved in the eMTT measurements. This requires the
optimized environmental conditions reflected in Fig. 5.4 and Supplementary Fig. S5.8
(see, for comparison, Supplementary Fig. S5.9 where air currents induced earlier
onset of drift) and is achieved after an averaging time of ~10 s at a laser power of 10
mW (Fig. 5.4C). On longer timescales, we find that drift in the OTW becomes dominant
and deteriorates the precision. Similar dominance of drift only appears after ~100 s in
the eMTT at high Helmholtz fields (= 4 mT). The earlier onset of drift in the OTW
compared to the eMTT derives from the increased number of optical and electronic
components present, coupled to laser power-dependent heating (observable from ~10
s onwards in Fig. 5.4B,C). These clear differences observed in the noise highlight the
ability of our AD analysis to detect and compare noise components among different
setups and environmental conditions.

5.4. Discussion

Examination of the AD provides insights into the achievable precision and optimal
measurement duration and parameters. For a hypothetical measurement without drift,
the AD can become arbitrarily small, provided the trace is averaged long enough, as the
AD decreases in the thermal limit as T -1/2, This would imply that the precision
achievable experimentally could be arbitrarily high. In practice, of course, noise other
than the white noise deriving from thermal fluctuations will kick in and limit further
improvements in precision. Given the additive nature of the AD (Eq. 5.2), at a certain
averaging time 7, drift will start to dominate over the thermal limit; on longer
timescales, the precision will no longer improve with averaging, but rather worsen. The
resulting minimum in the AD then designates the best achievable precision and hence
the optimum measurement time. Different sources of drift will exhibit distinct
signatures in the AD. For example, for linear drift, the AD should increase as t!
(Supplementary Text $5.6.6), as we observe for the OTW traces (Fig. 5.4B,C, T = 10-
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100 s). If the dominant source of noise has a 1/f character, then the AD scales as 1° (i.e.
becomes constant; Supplementary Text $5.6.6), as we observe around 2 s in the AD
plots for the OTW dataset presented in Supplementary Fig. S5.9E,F.

In this work, we have introduced the use of the AD to evaluate the performance
of several instruments designed to measure torque on individual (biological)
molecules. In both of the magnetic tweezers measurements, drift does not appear to
significantly limit the measurements, even for very long measurement times (Fig.
5.3B,C, 7 = 100-1000 s), provided that low enough Helmholtz fields (< 2 mT) are used
to avoid drifts through heating of the coils in the eMTT configuration. It might be
possible to avoid this limitation in future implementations, e.g. by configuring water-
cooled coils. Nonetheless, even the current instrument enables measurements with a
torque precision better than 1 pNim (Fig. 5.3C and Supplementary Figs. S5.3F-
S$5.5F, §5.7). We achieved a similar torque precision (0.3 pN-nm in 10 s, Fig. 5.4C; for
direct comparison with the eMTT, see Supplementary Fig. $5.10) in the OTW under
the best conditions (low laser power and blocking of air current). Potentially, the
precision of the OTW can be enhanced by further improvements to the instrument’s
long-term stability.

A general lesson from our analysis is that to optimize torque and/or angle
precision the drag coefficient should be minimized, in particular by using smaller
particles 8. The eMTT data sets clearly demonstrate the improvements in precision
obtained through using smaller beads; recent approaches to angle and torque
measurements using gold nanoparticles push this development even further 15.
Furthermore, once a particle size has been selected, it is generally advisable to
maximize the trap stiffness for improved angle (but not torque) precision given
measurement times in which precision is thermally limited. However, there are
important caveats to this general advice: first, smaller particles usually result in
reduced stiffness and achievable torque, because they contain less volume for torque
exchange (lower magnetic content in magnetic beads and a shorter light path in
birefringent particles); second, increasing the trap stiffness can result in increased drift
due to the practical limitations (e.g., heating from increased current in eMTT or laser
power in OTW), deteriorating the precision for longer measurement timescales; third,
the use of ever smaller particles may push the limits of the detection systems (e.g., pixel
size for camera- and diode sensitivity for photodiode-based signal acquisition); fourth,
maximization of the trap stiffness and minimization of the drag coefficient reduce the
characteristic time 7., which demands for faster acquisition systems, as most calibration
methods (and particularly AD analysis, see Supplementary Text S5.6.1), require
measurements on timescales shorter than 1¢; and finally, the timescale of dynamics in
the system under investigation and the quantity of interest, angle or torque, ultimately
determine the optimal drag coefficient and stiffness of operation.

The AD provides a direct and quantitative measure for the precision in single-
molecule experiments. It can therefore be employed as a tool for optimizing
experimental assays: it can be used to systematically track down sources of drift and
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other forms of noise and to determine the optimal measurement time at the desired
precision. We foresee that usage of the AD analysis will instruct researchers about the
optimal measurement strategy, and thus will facilitate new breakthroughs in the field
of single-molecule torque spectroscopy.
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5.6. Supplementary Information

5.6.1. Comparison of magnetic tweezers and optical tweezers in applying Allan
variance

The Allan variance is mathematically a two-sample variance with no dead time, where

sampling interval T is the same as averaging time t (T =1t ) (for details, see

Supplementary Text $5.6.5):

05(M,T,7) = 04(2,7,7) = 0, 4(7). Equation S5.1

For the magnetic tweezers (or other using video microscopy-based technique), there is
negligible dead time between successive frames of a camera so that each measurement
is a physical average of the signal during T (T = t), as described by the above equation.
In the optical tweezers, detection occurs via photodiodes that have very fast response
times. In this context, such a short response time can be considered as negligible
integration time. Unless a specific configuration is employed in either acquisition
hardware or software, no signal averaging (i.e., integration) occurs during the sampling
interval T. Hence, the inverse of sampling frequency is equivalent to the dead time.
Thus, in photodiodes the dead time far exceeds the integration time.

Nonetheless, the application of AV for photodiode-based detection remains
valid provided that the sampling period T is much shorter than the characteristic time
7. of the system. For such a case, a trapped particle essentially moves in a straight line
between consecutive data points. For such a straight line, the average position
calculated using the integral (corresponding to measurements that include averaging
signal over T) is identical to the average of the two end points of the line (corresponding
to measurements that consist of two sampled signal values without averaging over T).
In other words, while optical tweezers measurements do not fulfill the zero-dead-time
assumption (T = 7) in a strict sense since physically T > 1, effectively the measured
signal is identical to that acquired over T = 7 condition, provided that T « t.. Hence,
OTW and MT data can be interpreted with the same Allan variance equation. To our
understanding, this forms the basis for the previous application of Allan variance
analysis to linear optical tweezers data (e.g. Refs. 1-4). The importance of fulfilling the
condition T « 7. in optical tweezers measurements is demonstrated in one of these
literatures (Figure 4a of Ref. 1), where it is shown that measured Allan variance curves
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show improved agreement with theoretical predictions when the data acquisition
frequency f; is sufficiently high (T = f;7! < 7.).

5.6.2. The effect of noise correlation in Allan variance

The Allan variance is calculated from the difference between neighboring samples 6;,
which are averages over a time interval mz, (Eq. 5.2 of the main text). For a single value
of m, i.e,, a single integration time, the differences are not all independent (S5.6.2.1).
The number of independent differences is important, because it determines the noise
on the Allan variance. Also, for different values of m, not all of the calculated Allan
variance values are independent (§5.6.2.2). The independence of the Allan variance at
different values of m is important, because it is a requirement in some fitting
algorithms. Here, we elaborate on the independence between the difference terms of
Allan variance, and discuss its implications for fitting Allan variance data.

5.6.2.1. Independence of the difference between consecutive samples at a single
integration time

For a data set with a finite number of elements, the “simple” Allan variance can be

estimated from its discrete form (Eq. 5.2 of the main text):

M-1

1 _ _
ag(mt,) = 2M=1) Z (Biy1— 6%, Equation S5.2
i=1

where 7, is the sampling period taken to be equal to the integration time (e.g., the dead
time between frames is assumed to be zero in case of camera-based detection), m is the
number of data points in a bin, M is the number of bins, and sample 8, is the mean of
the i*" bin of length mz. The term (0;,, — 6;) will be referred to as the difference term.
Each measurement 8;, except for the first and last (i.e., 8; and 8,,), occurs twice in the
difference term: once in conjunction with its preceding bin and once in conjunction with
its successive bin. Therefore the (M — 1) difference terms are not all independent of
each other 5.

The use of a fully “overlapping” Allan variance (Fig. 5.1A) can improve the
estimate of the Allan variance even further:

N+1-2m

1 = ~\2
a4 (mt) = 2N T1=2m) Z (64m —0;)",  Equation S5.3
=

where N = M - m is the total number data points, j is the position of the first data point
of a bin with m data points, and 9_] is the average over a bin of length mt, with the first

data point located at j. Here, the term (§j+m - 9_]) will be referred to as the difference
term. Again, each measurement 0_] occurs twice, except for the first and last successive

m measurements (i.e., 8y, 65, 03, .. O, and Oyy1_omi1, Onsi—2mezr ONti—2mezs -
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On+1-2mem ). In addition, 0_] also has overlapping data points with the successive
(m — 1) measurements (i.e., 8,1, 01, 643, - B4 (m-1)). Therefore the (N + 1 — 2m)
difference terms are not all independent of each other.

The degree of dependence of the difference terms should be taken into
consideration when computing the noise in the estimate of the Allan variance. In both
the “simple” and “overlapping” Allan variance, the (M —1) and (N +1—2m)
differences are normally distributed with zero mean ¢, and the squared differences are
gamma distributed, hence the estimate of the Allan variance is gamma distributed . The
shape parameter of this gamma distribution is equal to half the number of degrees of
freedom. Due to the aforementioned dependence of the difference terms, the number
of degrees of freedom lies below the number of difference terms. It is important to know
the number of degrees of freedom, as fitting algorithms such as maximum likelihood
estimation account for the noise distribution of the calculated Allan variance, which
involves the number of degrees of freedom. In their paper, Lansdorp and Saleh estimate
the number of degrees of freedom and recommend a shape factor for the gamma
distribution (Supplementary Text S5.6.3), which works reasonably well for fitting of
both “simple” and “overlapping” Allan variances ©.

5.6.2.2. Independence of the Allan variance at different integration times

Most fitting algorithms assume the noise of separate points, here the points at different
integration times mtg, to be independent. For different integration times, in particular
for successive values of m, the Allan variances are calculated from different bin sizes;
however, the difference terms of which the Allan variances are comprised can be nearly
identical, because most values in a bin of size m are identical to the values in a bin of
size m + 1. Therefore, calculating the Allan variance for all values of m is redundant;
calculating the octave-sampled Allan variance for m = 2€9¢7 is sufficient and ensures
nearly independent Allan variance values 7. Moreover, the octave-sampling has an
advantage in computational efficiency over using all values of m. In our benchmark test,
itis 108 + 3,852 + 31,and 6620 + 327 times shorter in computation time, for the input
data sizes of 3 x 103,3 x 10%, and 3 X 10° elements (Supplementary Fig. $5.11). As
an example, for 3 X 10% elements, only ~1 s was required to compute the octave-
sampled AV while ~2 h was required when using all values of m. The benchmark test
was repeated three times with a desktop PC equipped with Intel® Core™ i5-2400 (3.10
GHz) processor and 16 GBytes DDR3 (PC3-12800) memory.

5.6.3. The shape factor used for MLE fitting of Allan variance data

The shape factor 14, (Eq. $5.4) used in the maximum likelihood estimation (MLE)
fitting of Allan variance data in our manuscript provides information about the extent
to which the weighting is different between data points. We employ the following form:

Nay(m) = i(% - 1), Equation S5.4
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where N is the number of total data points and m is the bin size for the octave-sampled
Allan variance, in powers of 2 (i.e, m=1,2,4,8, ...upto < N/2) 6,

5.6.4. Matlab routine for angular Langevin dynamics simulation

The Matlab code (tested in Matlab version R2017b) listed below is used to generate
simulated angular fluctuation datasets in Fig. 5.1 and Supplementary Fig. S5.1. It
simulates a particle trapped in a harmonic potential while subject to overdamped
angular motion (Eq. 5.7 of the main text; also refer Equations S30-S32 of Ref. 8). The
equation of motion (and hence the Matlab code) are very similar to the case of linear
trapping (Supplemental materials of Ref. 9), except that the units of the physical
quantities differ. After execution of this code, the 'theta' array contains the angular
position as a function of 'time' array as shown in Fig. 5.1B and Supplementary Fig.
$5.1A. This simulated raw data can be used to calculate Allan deviation and other plots
such as ACF and PSD.

F55555%%%%%% Angular Langevin dynamics simulation in Matlab F55555%5%%%%%
gamma 10; % pN*nm*s, rotational drag coefficient
kappa = 1000; % pN*nm/rad, angular stiffness
kT = 4.1; % pN*nm, thermal energy at room
temperature
dt = 20e-6; % s, sampling period
N = 2720; % number of data points
Nloop = N - 1; % number of loops
time = (0:Nloop) *dt; % s, time array
rv = randn([1l,Nloopl]); % random variable (mean = 0, std = 1)
tau_thermal = rv*...
sqrt (2*kT*gamma/dt) ; % pN*nm, torque from thermal noise

theta(l) = 0; % rad, initial angular position
for i = 1:Nloop
tau_external (i) = —-kappa*theta(i); % pN*nm, external torque
dtheta = ((tau_external(i) +

tau_thermal (i)) /gamma) *dt; % rad, change in angular position
theta(i+l) = theta(i) + dtheta; % rad, angular position in the next step

end

5.6.5. Comparison of Allan variance to other variances

The Allan variance is a special case of the M-sample variance. This M-sample variance
includes several other variances as special cases (including the commonly employed
“normal” variance) and is expressed as 10:

M M z
5 1 _ 1 _
og(M,T,7) = mz 0; — MZ 6], Equation S5.5
i=1 j=1

where M is the number of samples, T is the time between samples, t is the time over
which each sample is averaged, 6; is the i*® measured sample averaged over 7, and
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1 5o . . “ »
Ezﬁl 0; is the mean over all M samples. In most interpretations of the “normal

variance, the measurements are considered instantaneous (7 — 0, often 7 < 7, is
sufficient); the “normal” variance is 092 (M, T, 0) or, written as an infinite time average,
o4 = ((8; — 6)?). For a white noise process, this variance is independent of the number
of measurements M, so more measurements do not improve the precision of 6. If the
time between measurements T equals the averaging time 7, the variance 092 M,t,1)
decreases for extended averaging time, thereby improving the precision. For example,
the variance for Brownian motion in a harmonic potential is expressed as 11-13:

2 (%Y (1 !
of(M,1,7) = A (?) (2 Z + 2 exp (_ Z) - 2) ’ Equation S5.6

where A = kgT /kg and 7, = yg/kg. This equation resembles the equation for the Allan
variance (Eq. 5.3 of the main text), and in the long-time limit, T > 7., it approaches the
same thermal limit. In the short time limit, 7 < ., it converges to the “normal” variance,
0 = kT /Kg. The minimum number of samples to calculate the M-sample variance is
two, and the corresponding variance ¢Z(2,T,0) can be written as ¢Z(2,T,0) =
(6, — 6,)? or, as an infinite time average, g5 = 3((6;+1 — 6;)%). This variance uses the
difference between neighboring measurements, instead of the difference from the
mean. Therefore, the two-sample variance is very useful in removing drift and other
low frequency noise. The Allan variance is a two-sample variance with no dead time,
ie., a5, ¢(7) = 04(2,7,7) 1. The reduced sensitivity to drift at short time scales and the
increase in precision (for white noise processes) at long time scales make the Allan
variance a very useful tool in characterizing our single-molecule torque spectroscopy
instruments.

5.6.6. Comparison of Allan variance to power spectrum analysis

An alternative to the variances in the time domain is provided by the power spectral
density in the frequency domain. The power spectrum describes to what extent
different frequencies contribute to the variance. A power spectrum can be converted to
the corresponding Allan variance using a transfer function H(f) 1

H(f) = 25(%}(:‘[)‘2#)’ Equation S5.7
02, (0) = f SCHHAS Equation $5.8

where S(f) is the one-sided power spectrum. Conversely, the Allan variance ¢2,(7) can
be converted into a power spectrum S(f) by plotting 2762, (7) as a function of tt = f 1
3, Some typical types of noise, like white noise, flicker noise, and Brownian noise are
characterized by a frequency dependence with integer exponent, here f°, f~1,and f 2,
respectively. These three have corresponding time dependencies for the Allan variance,
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71, 7%, and !, respectively 0. As a remark, linear drift scales as 72, but the

corresponding power spectrum does notscale as f =3 19, The one-sided power spectrum
for Brownian motion in a harmonic potential is given by:

S(f) = Equation S5.9

4
L+ (F/1)*

where A = 41, kzT/k and f. = k/2ny. In the high frequency limit f > f., S(f) is
proportional to f 2. This Brownian noise corresponds to the diffusion limit in the Allan
variance « 7! (Eq. 5.4 of the main text). In the low frequency limit f < f,, S(f) is
proportional to £°. This white noise is linked to the thermal limit in the Allan variance
o 771 (Eq. 5.5 of the main text). If the frequency bandwidth Af « f;, the area under the
power spectrum from 0 Hz to Af approximates the angular precision by the variance
oc?=A- Af 14 The Allan variance, however, provides a much more convenient measure
for the precision, especially if drift and low frequency noise become apparent.

5.6.7. Rotational drag coefficient of a bead on a circular trajectory

A sphere of radius Rj,,,4, rotating about an axis at a radial distance of R.;,o, from its
center, at a distance D from the surface, immersed in a fluidic medium of viscosity 7,
has a rotational friction coefficient (Equation 18 of Refs. 15, 16):

Yrotational Vtranslationaleircle :
Yo = 5+ 3, Equation S5.10
Q) -G+ )

— 3 —
where Yrotationalt = Snanead and Ytranslational = 67T7]Rbead-
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5.6.8. Supplementary Figures
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Figure S5.1. Additional analysis of the simulated traces in Fig. 5.1 of the main text. A) Simulated angle
traces of ~1700 s each sampled at 50 kHz (corresponding to 8.5 x 107 data points) for the Brownian motion
of a particle in a harmonic trap. A zoom-in on the first 50 s of each trace is shown. The traces are offset
vertically for clarity. The red, green, and blue traces (from top to bottom) are simulations with drag
coefficients yg = 100, 10, and 10 pN@mIs, and trap stiffnesses kg = 1000, 1000, and 100 pN@m/rad,
respectively. Same data as in Fig. 5.1B. B) Histograms for the full traces. The solid black lines are Gaussian
fits to the histograms. C) Autocorrelation function analysis (ACF) of the full traces. Black lines are fits to the
data, ACF « exp(—t/t.), with their extrapolations shown as dashed black lines. D) Power spectral density
(PSD) analysis of the full traces. Black lines are fits to the data (Eq. $5.9). E) Angle Allan deviation (AD).
Colored lines (circles) reflect the normal AD (octave-sampled overlapping AD). Same data as in Fig. 5.1C. The
solid black lines are fits to the data (Eq. 5.3). The dash-dotted and dashed magenta lines are the diffusion and
thermal limits, shown for the green trace only. F) Torque AD. Same data as in Fig. 5.1D. G,H) Rotational drag
coefficient yg and trap stiffness k4 obtained from the AD, PSD, and ACF fits. The bar heights and error bars
denote the average and standard deviation, respectively, from N = 5 independent simulated traces. The
dashed black lines indicate the parameter values used in the simulations.
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Figure S5.2. Torque measurements in the MTT. Data shown are for a 2.8 um diameter magnetic bead
tethered to a surface by a 7.9 kbp DNA molecule at a stretching force of ~2 pN in PBS bulffer, using the same
data as in Fig. 5.2 of the main text. A) Angle traces of 100 s each at 0 (light green) and 50 turns (red). B)
Histograms of the full traces. The solid black lines are Gaussian fits to the histograms. A shift in the mean
angle position upon overwinding the molecule is readily apparent and provides the basis for the single-
molecule torque measurement. C) Systematic analysis of angle traces as a function of the number of applied
turns, such as the ones shown in A,B), reveals systematic shifts in the mean angle (middle panel), while the
standard deviations of the fluctuations remain constant (top panel). The data points are color-coded as a
function of the number of applied turns. The average trap stiffness (~339 pNim/rad) of the rotational trap
is determined from Allan variance fits, enabling a direct conversion of the mean angle to torque (middle panel,
right axis). The bottom panel shows the tether extension as a function of the applied number of turns obtained
in the same measurement. The tether extension decreases linearly with the number of applied turns beyond
~35 turns, as the molecule buckles and is plectonemically supercoiled in this regime. Note the corresponding
plateau in the torque signal (~24 pNI@m) for > 35 turns (the dashed black line in this regime is a constant-
value fit). Around zero turns, the molecule opposed the applied torque elastically, resulting in an
approximately constant extension of the molecule and a linear dependence of the torque on applied turns
(the solid black line in this regime is a linear fit). Upon underwinding (corresponding to negative turns), the
DNA extension remains approximately constant and the torque exhibits a plateau at the critical melting
torque ~-11 pNMm (the dashed black line in this regime is a constant-value fit). D) Trap stiffness determined
from Allan variance fits (same data as in Fig. 5.2D), shown as a function of DNA extension. Color-coding is as
in C). E) Histogram of the friction coefficient determined from the Allan variance fits (same data as in Fig.
5.2E).
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Figure S5.3. Additional analysis of the eMTT data for 0.7 pm diameter beads. Data and color-coding
(increasing magnetic field strengths of 1, 2, 4, 8, and 16 mT, going from dark brown to light brown) as in Fig.
5.3 of the main text. A) Zoom-in on the first 400 s (at 16 mT, 280 s) of the angle traces of ~2600 s each
sampled at 100 Hz (corresponding to 2.6 x 10° data points). The traces are offset vertically for clarity. B)
Histograms over the full traces. The solid black lines are Gaussian fits to the histograms. C) Autocorrelation
function analysis. The solid black lines are fits to the data, and their extrapolations are shown as dashed black
lines. D) Power spectrum analysis. E) Angle Allan deviation (AD). Colored lines (circles) reflect the normal
AD (octave-sampled overlapping AD). Same data as in Fig. 5.3B. The dashed magenta line indicates the
thermal limit for the stiffest trap. The fitted parameters are displayed in G,H). F) Torque AD. Same data as in
Fig. 5.3C. The dashed magenta line corresponds to the thermal limit. G) Rotational drag coefficient y,
obtained from the AD fits in E) versus magnetic field strength. The dashed black line is a constant-value fit to
the data. Same data as in Fig. 5.3D. The data points and their corresponding error bars denote the average
and standard deviation, respectively, from N = 5 independent measurements. H) Rotational trap stiffness xg
obtained from the AD fits in E) versus magnetic field strength. The solid black line is a linear fit to the data.
Same data as in Fig. 5.3E.
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Figure S5.4. MyOne (1.05 pm diameter) beads trapped at different field strengths using eMTT. The
color-coding indicates increasing magnetic field strength (4, 8, 12, and 16 mT, going from red to yellow). A)
Zoom-in on the first 400 s (at 16 mT, 95 s) of the angle traces of ~1300 s each sampled at 100 Hz
(corresponding to 1.3 X 10° data points). The traces are offset vertically for clarity. B) Histograms over the
full traces. The solid black lines are Gaussian fits to the histograms. C) Autocorrelation function analysis. The
solid black lines are fits to the data, and their extrapolations are shown as dashed black lines. D) Power
spectrum analysis. E) Angle Allan deviation (AD). Colored lines (circles) reflect the normal AD (octave-
sampled overlapping AD). The dashed magenta line indicates the thermal limit for the stiffest trap. The fitted
parameters are displayed in G,H). F) Torque AD. The dashed magenta line corresponds to the thermal limit.
G) Rotational drag coefficient y, obtained from the AD fits in E) versus magnetic field strength. The dashed
black line is a constant-value fit to the data. The data points and their corresponding error bars denote the
average and standard deviation, respectively, from N = 5 independent measurements. H) Rotational trap
stiffness kg obtained from the AD fits in E) versus magnetic field strength. The dashed black line is a linear fit
to the data.
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Figure S5.5. M270 (2.8 um diameter) beads trapped at different field strengths using eMTT. The color-
coding indicates increasing magnetic field strength (1, 2, and 4 mT, going from green to light yellow). A)
Zoom-in on the first 400 s of the angle traces of ~650 s each sampled at 100 Hz (corresponding to 6.5 x 10*
data points). The traces are offset vertically for clarity. B) Histograms over the full traces. The solid black lines
are Gaussian fits to the histograms. C) Autocorrelation function analysis. The solid black lines are fits to the
data, and their extrapolations are shown as dashed black lines. D) Power spectrum analysis. E) Angle Allan
deviation (AD). Colored lines (circles) reflect the normal AD (octave-sampled overlapping AD). The dashed
magenta line indicates the thermal limit for the stiffest trap. The fitted parameters are displayed in G,H). F)
Torque AD. The dashed magenta line corresponds to the thermal limit. G) Rotational drag coefficient y,
obtained from the AD fits in E) versus magnetic field strength. The dashed black line is a constant-value fit to
the data. The data points and their corresponding error bars denote the average and standard deviation,
respectively, from N = 3 independent measurements. H) Rotational trap stiffness k4 obtained from the AD
fits in E) versus magnetic field strength. The dashed black line is a linear fit to the data.
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Figure S5.6. Angle and torque Allan deviation for different bead sizes in the eMTT. The traces were
selected from Supplementary Figs. $5.3-S5.5 in order to obtain similar trap stiffnesses (~60 pN-nm/rad).
We record the fluctuations of a MagSense bead (d = 0.7 pm) at 4 mT (brown, kg = 58 pN-nm/rad), a MyOne
bead (d = 1.05 um) at 12 mT (orange, kg = 54 pN-nm/rad), and a M270 bead (d = 2.8 um) at 2 mT (light
green, kg = 64 pN-nm/rad). A) Angle Allan deviation. B) Torque Allan deviation. The solid black lines are fits
to the data, and their extrapolations are shown as dashed black lines in A,B). The dashed magenta lines
indicate the thermal limits.
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Figure S5.7. High-precision torque measurements in the eMTT and estimates of torque precision. A)
Torque versus applied turns measurement for a 7.9 kbp DNA molecules in high-salt buffer (TE buffer with
550 mM NaCl) using 1.05 pm diameter MyOne beads at a stretching force of 3.5 pN, with an angular trap
stiffness of ~50 pN-nm/rad). Data are taken from Figure 5d of Ref. 17. The experimental torque
measurements are shown as red circles. Each data point corresponds to a measurement of 200 s. The solid
dark gray line is a fit of a model of DNA elasticity (17). Data points in the elastic response regime of DNA
(denoted in gray) are characterized by a linear torque versus turns dependence. At a negative torque of ~-
11 pN@Mm, DNA undergoes torque-induced melting (blue data points). B) Deviation of the experimental data
in the linear response regime from the best linear fit (gray data points fitted by solid dark gray line in A)).
The solid black line shows a Gaussian fit to the data, yielding a standard deviation of 0.9 pNMm. C) Deviations
of the experimental data in the torque-induced DNA melting regime from the best fit constant (blue data
points fitted by solid light blue line in A)). The solid black line shows a Gaussian fit with a standard deviation
of 0.6 pNMm.

Turns
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Figure S5.8. Additional analysis of the OTW data in Fig. 5.4 of the main text. The color-coding is the same
as in the main text (10, 20, and 40 mW, going from dark blue to light green). A) Zoom-in on the first 0.1 s of
the torque traces of 200 s each sampled at 100 kHz (corresponding to 2.0 X 107 data points). The traces are
offset vertically for clarity. B) Histograms over the full traces. The solid black lines are Gaussian fits to the
histograms. C) Autocorrelation function analysis. The solid black lines are fits to the data, and their
extrapolations are shown as dashed black lines. D) Power spectrum analysis. E) Angle Allan deviation (AD).
Colored lines (circles) reflect the normal AD (octave-sampled overlapping AD). Same data as in Fig. 5.4B. The
dashed magenta line indicates the thermal limit for the stiffest trap. F) Torque AD. Same data as in Fig. 5.4C.
The dashed magenta line corresponds to the thermal limit. The dash-dotted black line has slope +1,
corresponding to linear drift. The fitted parameters are displayed in G,H). G) Rotational drag coefficient y,
obtained from the torque AD fits in F) versus laser power. The dashed black line is a constant-value fit to the
data. Same data as in Fig. 5.4D. The data points and their corresponding error bars denote the average and
standard deviation, respectively, from N = 5 independent measurements. H) Rotational trap stiffness kg
obtained from the AD fits in F) versus laser power. The dashed black line is a linear fit to the data. Same data
as in Fig. 5.4E.
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Figure S5.9. OTW data acquired under less favourable environmental conditions. The color-coding is
as follows: 40, 60, and 80 mW, going from dark red-brown to light brown. A) Zoom-in on the first 0.1 s of the
torque traces of 200 s each sampled at 100 kHz (corresponding to 2.0 X 107 data points). The traces are offset
vertically for clarity. B) Histograms over the full traces. The solid black lines are Gaussian fits to the
histograms. C) Autocorrelation function analysis. The solid black lines are fits to the data, and their
extrapolations are shown as dashed black lines. D) Power spectrum analysis. E) Angle Allan deviation (AD).
Colored lines (circles) reflect the normal AD (octave-sampled overlapping AD). The dashed magenta line
indicates the thermal limit for the stiffest trap. F) Torque AD. The dashed magenta line corresponds to the
thermal limit. Note the additional noise component (in contrast to Fig. 5.4B,C and Supplementary Fig.
S5.8E,F) in the range 0.1-20 s, which we attribute to excess air currents present in the setup at the time of
acquisition. The dash-dotted black lines have slope +1 or 0, corresponding to linear drift or 1/f noise,
respectively. The fitted parameters are displayed in G,H). G) Rotational drag coefficient y4 obtained from the
torque AD fits in F) versus laser power. The dashed black line is a constant-value fit to the data. The data
points and their corresponding error bars denote the average and standard deviation, respectively, from N =
5 independent measurements. H) Rotational trap stiffness k, obtained from the AD fits in F) versus laser
power. The dashed black line is a linear fit to the data.



130 Chapter 5

LALLL B~ L B R L B L B L L L

100

Lol o

T
Ll

03
0.1
0.03
0.01
0.003

T,
Lol

AD torque (pN-nm)

P4

T

snul

T

T AR ETITY B AR TTTTT BT RTTTTT BT TTITT BT TTITT TR TTTTT ETrRTTITY SETrRTTITY S
10° 10° 107 10 10°
Averaging time 71 (s)

Figure S5.10. Comparison of the best achievable torque Allan deviation in the eMTT and OTW. The
traces were selected from Figs. 5.3C, 5.4C to compare the best achievable torque precisions. We record the
fluctuations of a MagSense bead (d = 0.7 pm) at 1 mT (dark brown) in eMTT, and a TiO: cylinder at 10 mW
in OTW (dark blue). Colored lines (circles) reflect the normal AD (octave-sampled overlapping AD). The
dashed magenta lines indicate the thermal limits. The color shading and the corresponding double-sided
arrows indicate the averaging times (ranging from the timescale at which the Allan deviation peaks to that at
which unwanted noise starts to dominate) over which the eMTT (light yellow) and the OTW (light blue)
permit meaningful torque measurement. The range of averaging times in which the instruments’ torque
precision overlaps is shown in light green. The dashed black line corresponds to a torque precision of 1
pN@m.
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Figure S5.11. Comparison of efficiency in overlapping Allan variance computation. The overlapping
Allan variance computation times as a function of the number of input data points n. The blue circles and red
squares reflect the use of all available integration times (mzt; m = integer) and octave-sampled integration
times (mrt,; m = 29" ) respectively. The solid colored lines are power-law fits to the data,
computation time x n* (a = 2.0 and 1.1 for blue circles and red rectangles, respectively), with their
extrapolations shown as dashed colored lines. The data points and their corresponding error bars denote the
average and standard deviation, respectively, for N = 3 computations.
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Stretched and Oriented DNA Arrays
Embedded in Microfluidic Device for
Multiplexing Protein-DNA Investigation

The stretched and oriented DNA arrays (SODA) is a platform for the characterization of
protein-DNA interactions at the single-molecule level. Stretched single DNA molecules,
arranged in a dense array by specifically binding to thin gold nanostructures fabricated
onto a glass coverslip, enable simultaneous observation of protein-DNA interaction
dynamics from hundreds of DNA strands using total internal reflection fluorescence
microscopy. Providing high-throughput measurements and straightforward
visualization of fluorescently labeled proteins and DNA molecules, SODA is a promising
tool for addressing multiple types of questions in molecular biology. Such questions
include the dynamics of DNA binding proteins, mechanisms of target DNA sequence
searching, processivity of enzymes in a crowded environment, and many more. We
present our development of prototype SODA microfluidic devices, focusing on the
aspects of fabrication and surface functionalization. Moreover, its potential for
biophysics research is demonstrated by observing the behavior of DNA-binding
proteins.

The work presented in this chapter is a collaboration among the following authors: Seungkyu Ha, Eugen
Ostrofet, Richard Janissen, Humberto Sanchez, Bojk Berghuis, Theo van Laar, Andrea Martorana, Jacob W. J.
Kerssemakers, Belen Solano, Claire Wyman, and Nynke H. Dekker.
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6.1. Introduction

Single-molecule approaches in biophysics allow observation and quantification of the
heterogeneity of biomolecular behavior, without obscuring it by ensemble averaging in
conventional bulk experiments 1 2. The advancements of single-molecule
instrumentation have continuously contributed to a better characterization of
biological processes 3-10. Particularly, they have brought a large impact on
understanding the interactions between nucleic acids and genome processing
machines, such as polymerases 11.12, helicases 1314, and ribosomes 1516, One of the key
enabling factors for these findings has been the pursuit of higher spatiotemporal
resolution in single-molecule techniques, which either probe the mechanical properties
of, or directly image, biological molecules, complexes, or cells. The former aspect
includes force spectroscopy (optical tweezers, magnetic tweezers, and atomic force
microscopy) *7 and torque spectroscopy (optical torque wrench and (electro)magnetic
torque tweezers) & 9, while the latter aspect includes conventional (fluorescence)
microscopy 17, fluorescence resonance energy transfer (FRET) 18, super-resolution
microscopy 19, and cryo-electron microscopy 2°.

However, developments of more specialized tools remain desirable,
particularly for the investigations of genome processing proteins, which exhibit highly
complex and heterogeneous behavior depending on the sequence of nucleic acids under
interaction, presence of roadblocks, or physiological buffer conditions. The
requirements for such further developments include: i) possibility to simultaneously
measure a large number of protein-DNA complexes in a multiplexed manner, to obtain
statistically relevant datasets; ii) ability to directly determine the locations of proteins
and nucleic acids under interaction in real time, to enable straightforward and unbiased
acquisition of information on their dynamics.

Considering the first requirement, the multiplexing capability is inherent for
the most of imaging-based single-molecule techniques, but not for the force/torque-
based ones. For single-molecule instrumentation with force/torque controllability,
conventional techniques such as optical tweezers and atomic force microscopy are still
largely limited in their multiplexing capability (only 1-10 biomolecules are
simultaneously trackable), although these techniques possess a capacity to precisely
assess minuscule force and torque on biomolecules. On the other hand, multiplexing
capability is pioneered by magnetic tweezers 2124 and magnetic torque tweezers 25. In
addition to these magnetism-based approaches, other multiplexing single-molecule
force spectroscopy techniques that rely on different physical mechanisms have been
developed recently. For example, acoustic standing waves and centrifugal forces are
utilized in acoustic force spectroscopy 2¢ 27 and centrifugal force microscopy 28 29,
respectively.

However, the abovementioned high-throughput single-molecule techniques
based on force and torque indirectly probe the protein-nucleic acid interactions, in
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principle by processing camera-acquired images of biomolecule-tethered
microspheres. Therefore, in general, they do not directly visualize proteins and nucleic
acid molecules in motion, which is the abovementioned second requirement.
Meanwhile, the capability of visualization in real time is straightforwardly
implementable in imaging-based techniques, specifically fluorescence microscopy 17.
Moreover, the fluorescence microscopy-based techniques can exploit the well-
developed library of fluorescent tags for biomolecules 3°. The use of diverse fluorescent
tags renders different biomolecules directly distinguishable on fluorescence
microscopy imaging, and have proven their ability to investigate diverse biological
processes, e.g., mechanics of nucleic acid molecules 31 32, assembly dynamics and
functions of multi-protein complexes 13 33, and DNA sequence-specific enzymatic
activities 3435, Although such direct visualization is also possible with hi-speed atomic
force microscopy 3¢, its observation is largely limited to only small areas and it lacks the
specificity equivalent to the use of fluorescent tags.

A single-molecule technique designated as DNA nanocurtains 3740 most
elegantly combines both capabilities of multiplexing and real-time fluorescence
imaging, without the necessity of highly specific and complicated instrumentation. It
utilizes supported lipid bilayer (SLB) coated on a glass coverslip for surface passivation
and DNA anchorage. The diffusive nature of lipids within an SLB is utilized to position
the DNA molecules, by attaching them to lipids and then using weak buffer flow to push
them to a nanofabricated barrier array present on the coverslip. The anchored DNA
molecules can be flow-stretched by strong buffer flow and brought to the vicinity of the
coverslip surface, permitting observation with total internal reflection fluorescence
(TIRF) microscopy at a high signal-to-noise ratio. In this way, the interaction of
fluorophore-labeled proteins with DNA strands can be tracked in real time. The use of
nanofabricated barriers allows to form a dense, regular array of DNA strands, with
controlled spacings between them. Therefore, DNA nanocurtains offer substantial
advantages in the aspects of multiplexing and data analysis when compared to other
similar techniques employing random surface attachment of DNA 41 or DNA-coupled
microspheres 1! on a coverslip surface.

In spite of the fact that the DNA nanocurtains do not directly report on force
and/or torque on biomolecules, their high-throughput direct visualization functionality
has been successfully employed to address diverse important questions in the field of
genome processing. Such examples include mechanisms of homologous recombination
42, protein interaction with DNA-bound roadblocks 43, DNA target search by proteins 35
44, chromosome organization 4%, and nucleosome deposition on DNA 46,

We report our preliminary results on the development of a DNA nanocurtain
platform for which we designate with a more descriptive term, i.e., stretched and
oriented DNA arrays (SODA). The goal of this development is to set up a more advanced
DNA nanocurtain platform that is optimized for single-molecule studies of highly
complicated protein-DNA complexes, e.g., eukaryotic replisome 13 33 in crowded
environments. Taking into account this specific aim, the prototype design of our SODA
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device is inspired by the parallel array of double-tethered isolated (PARDI) curtains 3°.
Among variety of existing DNA nanocurtain configurations 3°, PARDI allows placement
of non-overlapping single DNA molecules with predetermined lateral distances
between them. Therefore, the dynamics of proteins bound on a single DNA strand is not
biased by the interactions with other DNA strands at close proximity 44 Additionally,
we design our microfluidic channels to maximize the use of a coverslip area and
minimize the required volume of biomaterials. Here, we mainly describe our design,
fabrication, and surface functionalization of SODA devices. Notably, we introduce a
modified SODA device that can be combined with magnetic tweezers. In addition, we
demonstrate the utilization of our SODA platform by observing interactions between
DNA strands and Rad51 proteins that have been widely investigated due to their
capability of nucleoprotein filament formation and importance in DNA repair
mechanism 42 47-52,

6.2. Results and discussion

6.2.1. Fabrication of nanoscale gold barrier and anchor array on glass coverslip
Single DNA molecules (either single-stranded or double-stranded) can be specifically
immobilized in a SODA device to thin (~30 nm-thick) gold nanostructures fabricated
on standard microscope glass coverslips (~170 um-thick). As the feature size of such
gold structures is at the submicron scale (with the aim to support only single DNA
strands at precisely defined positions), electron-beam (e-beam) lithography is utilized
for their fabrication (Fig. 6.1a). In a SODA device, each DNA molecule can be
immobilized by either one 5354 or both 4455 of its extremities, and these singly-tethered
and doubly-tethered configurations exhibit their own particular advantages 3°.

In common for both DNA-tethering configurations, one extremity of each DNA
molecule is bound to one of the lipid molecules that consist the SLB on a coverslip via
streptavidin-biotin coupling, thereby permitting two-dimensional diffusion of DNA
molecules on the coverslip surface. Upon application of weak directional flow of buffer,
DNA molecules move along the flow direction by hydrodynamic drag force until such
movement is blocked by the physical confinement from the gold barriers (Fig. 6.1b, left
side). The V-shape of the barriers is intended to precisely guide DNA molecules to its
apex >4, while the barrier size can be optimized to host only one DNA molecule per
barrier (the results of such optimization can be found in section 6.2.4.). In the case of
singly-tethered DNA molecules, stretching of DNA can be achieved by continuously
maintaining a buffer flow which is fast enough to apply a sufficiently high
hydrodynamic drag force for such stretching. This singly-tethered configuration offers
the following experimental advantages: i) it provides a convenient means to validate
the proper, specific binding of both proteins and DNA strands by pausing and flowing
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Figure 6.1. Fabrication of nanoscale gold barrier and anchor arrays on glass coverslip. (a) Fabrication
steps: (1) cleaning glass coverslip; (2) spin-coating positive e-beam resist (PMMA); (3) sputtering thin gold
(Au) layer for discharging; (4) e-beam patterning (unexposed and exposed PMMA regions are designated by
pink and violet, respectively); (5) removal of Au layer and development of exposed PMMA (only the exposed
parts are dissolved in developer solution); (6) e-beam evaporation-based deposition of chromium (Cr)
adhesion layer followed by Au layer; (7) desired Au nanostructures remain after lift-off of resist layer. (b)
The distance between Au barrier (alphabet V-shape at left) and anchor (pentagon-shape at right) is controlled
to vary the tension applied on doubly-tethered DNA molecules. (c¢) Large array of Au barrier-anchor pairs.
SEM images in panels (b,c) are taken at step (6) of panel (a).

the buffer 39, ii) the dynamic control of DNA tension is possible through the adjustment
of buffer flow speed.

To achieve the doubly-tethered configuration, the other extremity at
downstream side of each flow-stretched DNA is bound to a pentagon-shaped gold
anchor (Fig. 6.1b, right side) using specific chemical interactions, e.g., antigen-antibody
binding of digoxigenin and digoxigenin antibodies 33 (details of this procedure can be
found in section 6.2.3.). The pentagonal shape features a sharp edge that points to
upstream to prevent unnecessary accumulation of biomolecules upon buffer flow 3.
Properly doubly-tethered DNA molecules can remain stretched without buffer flow.
This implies several experimental advantages for studying protein-DNA interactions: i)
the precision of spatial measurement can be enhanced as no additional fluctuations are
introduced by buffer flow 47, ii) the backward and forward movements of protein
diffusing along DNA will not be biased by the unidirectional buffer flow 56, iii) the
consumed volume of biomaterials can be significantly reduced for each experiment, and
iv) although the tension applied on each DNA molecule cannot be adjusted in real time,
it can be still controlled in a static manner by a combination of barrier distance (Fig.
6.1b) and flow rate. For example, assuming 16 kbp double-stranded DNA (~5.4 um
contour length) with persistence length of ~50 nm, the DNA extensions of 3.8 um, 4.2
um, 4.6 pm, and 5.0 pm correspond to ~0.2 pN, ~0.4 pN, ~0.9 pN, and ~3.1 pN,
respectively (according to the worm-like chain model 57). Overall, our optimized
nanofabrication protocol for producing gold nanostructures is highly reproducible
(Supplementary Fig. $S6.1, $6.2) and allows generating a large regular array of such
structures reliably on a desired region of a coverslip (Fig. 6.1c).
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Figure 6.2. Fabrication of PDMS-based microfluidic device. (a) Fabrication steps for PDMS microfluidic
channels: (1) cleaning Si substrate (gray) and coating adhesion promoter; (2) deposition of AZ5214
photoresist (light orange, insoluble in developer solution); (3) photoresist exposure by direct laser writing
(dark orange, soluble in developer solution); (4) image reversal by post-exposure bake and flood exposure;
(5) development of photoresist; (6) deep etching by Bosch process; (7) removal of remaining photoresist by
02 plasma cleaning; (8) PDMS pouring, degassing, and curing on the prepared Si mold; (9) detachment of
cured PDMS block from Si mold. (b) Microfluidic channel design (pink) used for laser writing in step (3) of
panel (a). The region containing Au nanostructures is overlaid (dashed green squares). (c) The fabricated
PDMS block (panel (a)) is punched at inlet/outlet positions, and then assembled with the coverslip with Au
nanostructures, after corona discharge treatment of both PDMS block and coverslip (Fig. 6.1a). The color
coding of the materials is the same as Fig. 6.1a and Fig. 6.2a. (d) The inlet/outlet tubes are connected to the
punched holes and then the assembled device is loaded onto a TIRF microscope. (e¢) An assembled device
imaged before loading onto a microscope. Tight assembly is demonstrated by flowing a solution containing
blue pigment into a fluidic channel at top-right corner of a device. (f) A device loaded onto a TIRF microscope
by two clamping springs, with plastic pipette tips as inlet (at left side) and steel needles connected to plastic
tubes as outlet (at right side). The outlet tubes are connected to syringe pumps for controlled buffer flow
speed.

6.2.2. Fabrication of PDMS-based microfluidic device

To carry out bioassay experiments, microfluidic devices offer convenient means for
maintaining physiological environment with convenient buffer exchange. In our
microfluidic channel design, a glass coverslip with gold nanostructures (Fig. 6.1) forms
the bottom surface, while top and side surfaces are provided by a micro-patterned
poly(dimethylsiloxane) (PDMS) block (Fig. 6.2). The use of a PDMS block offers a
reliable route to replicate custom-designed, disposable microfluidic channels 8. Also,
due to the high elasticity of PDMS and the ease of producing thick layers (~5 mm-thick
in our device), it is straightforward to connect inlet and outlet tubing with tight sealing
for the supply of physiological buffers and biomolecules. A proven route for reliable
PDMS block fabrication is to replicate PDMS blocks by using a silicon (Si) mold 5°.

The Si mold functions as a template for casting PDMS microfluidic channels,
and it is fabricated by well-established microfabrication techniques involving
lithography and etching. This methodology allows channel widths ranging from a few
microns to a few hundred microns, while the channel lengths span from millimeters to
centimeters. Therefore, unlike the submicron gold nanostructure patterns that require
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e-beam lithography, photolithography with ~1 pm resolution is sufficient to fabricate
the Si molds for microfluidic channels and also more practical with respect to the time
required for a large-area patterning of photoresist (4-inch Si wafer). To allow for more
flexibility in the channel design and implementation speed, we utilize direct laser
writing (DLW) for Si mold fabrication(Fig. 6.2a). Compared to the conventional
photolithography based on chromium-patterned photomasks (which are expensive and
time-consuming to prepare), the use of the DLW maskless photolithography technique
allows us to rapidly modify the dimensions of microfluidic channels on demand. Hence,
DLW is suitable for rapid prototyping in research environments, as is the e-beam
lithography utilized for gold nanostructure patterning.

To obtain our designed microfluidic channel heights of ~40 um, deep and
straight etching is required for Si molds. For such deep etching, conventional dry or wet
etching techniques are not suitable due to the difficulty to obtain the necessary straight
sidewall profiles for the microfluidic channel mold. Hence, we employed the Bosch deep
reactive ion etching process, which is a specialized dry etching technique that allows to
obtain deep and straight sidewalls 5°. By optimizing the etching conditions, we could
reproducibly obtain the desired channel heights of ~40 um. Together with the channel
width of 200 pm, channel length of 8 mm, and circular inlet/outlet ports with diameters
of 1 mm each, only a minute volume of buffer (~1 uL) is required to entirely fill each
microfluidic channel.

To permit the testing of many different experimental conditions within a single
device, we design the Si molds to contain multiple microfluidic channels within the
available area of a coverslip (Fig. 6.2b) (depending on the channel dimensions, we
include 20-50 channels per coverslip within an area of 24 mm x 60 mm). The positions
of the laser-written channels are designed to align with the e-beam-written gold
nanostructures upon flow cell assembly. Therefore, the gold nanostructures are
centered within the bottom area of each channel (i.e., the regions within green dashed
squares in Fig. 6.2b).

After pouring and curing PDMS on the Si molds, the final PDMS block can be
detached from the molds and cut into blocks of desired sizes. Then, immediately after
corona discharge treatment, both the coverslip with nanofabricated gold
nanostructures and the PDMS block with microfabricated channels are firmly
assembled together to complete the microfluidic device (Fig. 6.2c). The prior surface
treatment with corona discharge is necessary to enhance the bonding strength between
the PDMS block and coverslip 99, as channels should remain tightly sealed regardless of
the pressure required for buffer flow (Fig. 6.2d). Sufficiently tight sealing is
reproducibly achieved in the assembled devices, as exemplified by flowing a blue-
colored solution through the microchannel shown in Fig. 6.2e. The photo in Fig. 6.2f
shows an actual device loaded onto a TIRF microscope, similar to the schematic in Fig.
6.2d.

We also developed a magnetic tweezers-compatible (MTC)-SODA device
(Supplementary Fig. $6.3), aiming for utilization in hybrid setups in which TIRF
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microscopy is combined with magnetic tweezers 3% 61 62, Such hybrid setups are of
interest for single-molecule studies as they allow integration of the functionalities of
DNA nanocurtains with those of the magnetic tweezers, which can apply controlled
force without relying on buffer flow. In MTC-SODA devices, the central area of the PDMS
block is recessed to a thickness between 100 pum and 200 pm, comparable to the typical
thickness of spacer layers in fluidic chambers utilized in magnetic tweezers. The
surrounding part of the PDMS block, however, is maintained at a thickness of ~5 mm to
properly support inlet/outlet tubing. Thus, the MTC-SODA device enables the physical
approach of a magnet into the vicinity of microfluidic channels for the application of a
sufficiently intense magnetic field gradient to manipulate magnetic particles conjugated
to biomolecules within microfluidic channels.

This MTC-SODA configuration can furthermore permit both vertical and
horizontal application of magnetic force on biomolecules ¢2. Since the physical
confinement of gold nanobarriers can trap DNA molecules with respect to the
horizontal force only, it is required to employ a modified tethering protocol to allow for
the application of a desired level of magnetic force in non-horizontal directions as well.
We predict that DNA molecules can be firmly fixed to only the gold barriers through
specific chemical interactions (i.e., using the same strategy for tethering to gold
anchors), once after they are positioned at the barriers by the physical confinement.
The magnetic tweezers-compatibility has been proven by proof-of-concept
experiments in which single DNA molecules are tethered between magnetic
microspheres and glass surface (using the tethering protocol in Ref. 63) and
successfully stretched by magnetic pulling forces within MTC-SODA devices.

6.2.3. Chemical functionalization of glass coverslip and gold nanostructures

An assembled SODA device loaded on a TIRF microscope (Fig. 6.2) is ready for the
following steps of surface functionalization and biological experiments (Fig. 6.3a). The
key principle of DNA-positioning is to make DNA diffusive on the coverslip surface (as
mentioned in section 6.2.1.), by forming an SLB on coverslip ¢4 5 and attaching the DNA
molecules to lipids. The successful formation of an SLB on glass coverslip (SiOz) surface
was demonstrated by quartz crystal microbalance (QCM) 6% 66 67 measurement (Fig.
6.3b), in which the decrease of frequency indicates the increase in total mass adhered
on the glass-coated sensor surface. The frequency decreases due to the adsorption of
unilamellar lipid vesicles onto the glass surface until a critical concentration is reached
at which lipid vesicles start to disintegrate and fuse together into a lipid bilayer. The
release of liquid inside those vesicles increases frequency. The completion of an SLB
can be detected from the saturated, nearly flat frequency signal. We also confirmed the
formation of uniform SLB by using fluorophore-labeled lipid molecules subject to the
fluorescence recovery after photobleaching (FRAP) technique ¢8. In the FRAP test, a
small region of a labeled SLB is photobleached by a fast light pulse (the black spot visible
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Figure 6.3. Surface functionalization of glass coverslip and gold nanostructures. (a) Schematic of the
steps in functionalization employed: (1) Au nanostructure (light yellow) fabrication on glass coverslip (blue),
as depicted in Fig. 6.1a; (2) coating of Au with PEG linker molecules containing a thiol (SH) functional group
(dark yellow), and then coating of the coverslip (SiOz) with SLB (brown); (3) positioning single DNA
molecules at Au barriers by weak flow (short arrow) using the fact that DNA molecules are linked to lipid
molecules and diffusive; (4) stretching DNA molecules by strong flow (long arrow), and to obtain doubly-
tethered molecules, linking to Au anchors using antibodies (blue molecules) selectively bound on Au through
the linker molecules attached in step (2); (5) loading of labeled proteins (red and green) onto DNA for
inspection by TIRF microscopy. (b) Measured QCM curve demonstrating stable SLB formation on the
coverslip (SiOz), as depicted in step (2) of panel (a). (c) Measured QCM curves demonstrating that a PEGylated
Au surface does not allow adhesion of lipid vesicles unlike the non-coated Au surface. (d) Fluorescence
microscopy images show the two-dimensional lateral diffusion of lipid molecules. Here, we perform a FRAP
experiment with fluorescently labeled lipid molecules (red): (i) the coverslip surface is uniformly covered by
SLB; (ii) a pulse of intense light irradiation creates the dark spot as a result of photobleaching ; (iii-iv) the
dark spot gradually disappears over time as non-bleached lipid molecules diffuse into the area; (v) the dark
spot completely disappears and the image resembles that of frame (i). (e) Fluorescence microscopy image
proving the selective functionalization of Au nanostructures with respect to glass. Only Au structures are
visible as they are selectively coated by fluorescently labeled SH-PEG molecules. The bright spots at left are
Au barriers while the bright spots at right are Au anchors.

at frame (ii) in Fig. 6.3d). The bleached lipids and non-bleached lipids are intermixed
by two-dimensional diffusion within the SLB, and hence the bleached spot gradually
disappears. Eventually, the fluorescence intensity becomes uniform again (frame (v) in
Fig. 6.3d). This result clearly proves that the formed SLB is homogeneous and diffusive
(Fig. 6.3d, Supplementary Fig. S6.4). Moreover, our SLB-coated surfaces substantially
reduce the nonspecific binding of proteins 3% ¢ compared to non-coated bare glass
coverslips (Supplementary Fig. $6.5). This is crucial in proper observation of protein-
DNA interactions by excluding undesired aspecific surface adhesion of fluorophore-
labeled proteins in the regions of interest.

By coating the gold nanostructures with a layer of biocompatible poly(ethylene
glycol) (PEG) prior to SLB formation, we successfully prevent undesired liposome
adsorption on the gold structures. This is demonstrated by our QCM-measurements on
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differently treated gold-coated sensor surfaces. The PEGylated gold surface prevents
the adhesion of lipid vesicles (as indicated by the nearly flat signal), while the bare gold
surface is susceptible to lipid adhesion (Fig. 6.3c). We also observed that the thiolated
PEG (SH-PEG) molecules are predominantly bound to the gold surface, demonstrating
a high selectivity over glass surface (Fig. 6.3e, Supplementary Fig. $6.6). This allows
for the formation of intact SLB on the glass surface, which shows FRAP results similar
to those from SLB formed on coverslips without gold structures. Although gold
nanostructures behave as an effective diffusion barrier even at the absence of a specific
surface coating (e.g., PEGylation in our case) 79, the possibility to maintain gold surfaces
free from lipids is desirable to increase the efficiency of DNA attachment to the gold
nanostructures.

6.2.4. Optimization of gold nanobarrier size for loading of single DNA molecules
The ability to load one and only one individual DNA molecule per each gold nanobarrier
is desirable to observe protein-DNA interaction under a controlled manner, excluding
any undesirable interference with other DNA molecules in the vicinity. Also, non-
overlapping DNA molecules facilitate a robust and automated image processing routine,
crucial for high throughput data analysis of hundreds to thousands of molecules per
experiment. To achieve these goals, we further optimized the geometry of the gold
barriers. We fabricated the gold barriers with lengths (L) ranging from 200 nm and 600
nm, with 100 nm increments (Fig. 6.4a), in a SODA device. As aforementioned (section
6.2.1.), the use of singly-tethered DNA scheme provides the ability to distinguish
whether DNA molecules are specifically anchored to gold barrier or aspecifically bound
to fluidic channel surface. Hence, for a more precise counting of DNA molecules
confined to each gold nanobarrier, we used the singly-tethered scheme in the process
of optimizing the barrier size. In step (3) in Fig. 6.3a, we load fluorophore-labeled DNA
molecules and anchor them to gold nanobarriers (Fig. 6.3b). Therefore, only DNA
molecules are visible in fluorescence microscopy (Fig. 6.4c).

The local fluorescence intensity around each barrier (e.g., orange box in Fig.
6.4c) is in principle proportional to the number of DNA molecules confined per barrier
54, Based on this, we are able to estimate the number of DNA molecules trapped within
each gold barrier (Fig. 6.4d), under our chosen experimental conditions (i.e., constant
DNA concentration and flow rate of the buffer used for loading DNA). Using the smallest
barriers (L = 200 nm), it is possible to support only single DNA molecules as desired
(Fig. 6.4¢c,d, Supplementary Fig. S6.7). However, these small barriers are less practical
for high throughput measurements, as most of them (~95%) do not trap any DNA
molecule at all (Fig. 6.4c,d, Supplementary Fig. $6.7). For larger barrier size of L =300
nm, the rate of trapping DNA becomes higher, but the probabilities to trap two or more
DNA strands also increase. Considering this trade-off relationship between the trapping
rate and the probability to confine only one DNA strand, we decide to use L = 400 nm
barrier size in practice. This size offers a sufficient DNA trapping rate (~50%), together
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Figure 6.4. Optimization of gold nanobarrier size for loading of single DNA molecules. (a) SEM
micrographs of gold nanobarriers with varying sizes (L = 200-600 nm), taken just before lift-off (at step (6)
of Fig. 6.1a). (b) Illustration showing a single DNA molecule hold by a gold nanobarrier under flow stretching
(buffer flow direction is indicated by the blue arrow). The DNA strand is fluorescently labeled by intercalating
dye (green). (c¢) Fluorescence microscopy image of labeled DNA molecules confined in an array by gold
nanobarriers, under flow stretching. The region in an orange square is assumed to confine only one DNA
molecule, as depicted in panel (b). The direction of buffer flow is the same as indicated by the arrow in panel
(b). The gold nanostructure pattern is designed to contain five columns of gold barriers within one field of
view of the microscope used in this test. Each column is indicated by a vertical yellow dashed line with the
size of barriers (L) in yellow letters. (d) Histograms showing the probabilities of having specific number of
single DNA molecules per each gold barrier, as a function of barrier size. The number of DNA strands are
estimated from fluorescence intensity of labeled DNA molecules, measured within regions large enough to
include the whole length of DNA (as like the orange square in panel (c)). For each gold nanobarrier dimension,
N = 168 regions were analyzed. The blue circles are the results of fitting to the Poisson distribution.

with a high probability of single DNA confinement (~73%) (Fig. 6.4c,d,
Supplementary Fig. S6.7). For this size, the fit to the Poisson distribution also results
in the mean value which is the closest to one (i.e., single DNA confinement is the most
probable) among all the tested barrier sizes (Fig. 6.4d, Supplementary Fig. $6.7).

6.2.5. Protein-DNA interaction observed by SODA microfluidic devices

With the optimized gold barrier size (Fig. 6.4), we fabricated SODA devices to
demonstrate their capability of properly observing protein-DNA bioassays and to
develop automatized data analysis routines (Fig. 6.5). For these purposes, we chose to
test the DNA binding protein Rad51 because it has been widely studied and its
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Figure 6.5. Protein-DNA interaction observed by SODA microfluidic devices. (a) Illustration showing a
single DNA molecule hold by a gold nanobarrier, loaded with Rad51 proteins, under flow stretching (buffer
flow direction is indicated by the blue arrow). (b) Fluorescence microscopy image of labeled Rad51 molecules
confined in an array by gold nanobarriers, under flow stretching (DNA strands are not labeled here). The
region in an orange square is assumed to have only one DNA molecule, as depicted in panel (a). (c) A zoom-
in image of panel (b), showing only a single DNA strand. (d) An example of image analysis based on
fluorescence intensity, in which the image binarization with a certain intensity threshold reports the position
of Rad51 molecules (white pixels) distinguished from the neighboring background (black pixels) that is noisy
in the raw image. (e) An example of kymograph showing the time evolution of Rad51 binding to a single DNA
strand (the large fluctuation shown at earlier time frames is due to a disturbance in buffer flow). In panels (b-
e), the buffer flow direction is the same as depicted in panel (a).

nucleoprotein filament formation upon DNA-binding is well known 42 47-52,
Furthermore, although it is a key enzyme in eukaryotic homologous recombination
process, its working mechanism is not fully understood yet 71. In this pilot experiment,
we labeled the Rad51 proteins with Alexa Fluor 488 dyes *8 (while DNA molecules are
not labeled) to detect nucleoprotein filament formation in real time (Fig. 6.5a). Similar
to our experiments with DNA only (in section 6.2.4.), we employed the singly-tethered
DNA configuration to be able to clearly distinguish between specifically and non-
specifically bound proteins.

The location of each nucleoprotein filament was detected from the
fluorescence images (Fig. 6.5b) and quantified with home-made software routines (Fig.
6.5¢,d). In this context, kymographs can be generated to visualize the evolution of
protein-DNA interactions over time (Fig. 6.5e). In our experimental setting, ~100
protein-DNA complexes could be measured and tracked simultaneously within one
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field of view of the employed TIRF microscopy. This is order(s)-of-magnitude higher
throughput compared to other single-molecule techniques that i) are relying on the
fluorescence detection of randomly attached DNA molecules on surface
(Supplementary Fig. $6.8), and ii) are not based on fluorescence such as optical
tweezers and atomic force microscopy. If necessary, it would be possible to exhibit even
higher throughput, e.g., by employing a wider field of view and/or a more densely
packed gold nanostructure array.

6.3. Conclusions

We have demonstrated that our designed, fabricated, and functionalized SODA
microfluidic devices are capable of providing a reliable high-throughput platform to
study protein-DNA interactions. In the aspect of device fabrication, the use of maskless
lithography from nano- to micron-scale offers high flexibility in device design (i.e., the
use of e-beam lithography for submicron-scale gold nanostructures and DLW for
micron-scale microfluidic channels). In addition, using custom-made PDMS-based
fluidic channels, multiple parallel experiments on a single fluidic device are possible
with minimal necessity for volumes of biomaterial (~1 pL per channel). A variation in
the fabrication of PDMS block further allows the combined use with magnetic tweezers,
which could result in a more powerful high-throughput single-molecule platform that
combines the functionalities of direct single-molecule visualization with dynamic and
precise single-molecule manipulation by force control. Our surface functionalization
protocol features uniform SLB coating that has highly selective adherence to glass over
gold, which minimizes non-specific surface adhesion of proteins. Hence, the coating
allows highly specific confinement and binding of DNA strands to only pre-defined gold
nanostructures, together with efficient surface passivation. The optimized gold barrier
geometry balances between the DNA trapping efficiency and single DNA loading
probability, permitting high-throughput measurement of single DNA molecules,
together with an automatized image analysis. Moreover, our proof-of-concept
experiments and data analysis on the nucleoprotein filament formation dynamics by
Rad51 and DNA demonstrated its successful integration of the abovementioned
features into a single microfluidic device with high-throughput capability. Altogether,
the SODA device is expected to be actively utilized in the investigation of diverse highly
complex protein-DNA interaction dynamics, e.g, mechanisms of eukaryotic DNA
replication machinery.
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6.4. Materials and Methods

6.4.1. Fabrication of SODA devices

6.4.1.1. Nanofabrication of gold nanostructures

We use borosilicate microscope coverslips with area of 24 mm x 60 mm and thickness
of ~170 pum (#1.5, Menzel-Glaser, Thermo Fisher Scientific) as the substrates for gold
nanostructure fabrication. We clean the substrates in a custom-made Teflon holder by
successive sonication in acetone (A), isopropyl alcohol (IPA), and deionized (DI) water
for 5 min each at room temperature, followed by a brief N2 blow drying and spin-drying
at 2000 rpm for 3 min (step (1) in Fig. 6.1a).

We spin-coat a ~250 nm-thick positive e-beam resist layer of poly(methyl
methacrylate) (PMMA 950k A4, MicroChem) at 500 rpm for 5 s and then 3000 rpm for
55 s. After spin-coating, any resist contamination at the backside of the coverslips
should be removed by micro-fiber swabs (MiraSWAB, Foamtec International) soaked
with IPA, to prevent any undesired backscattering of e-beam from these transparent
substrates that substantially degrades the quality of e-beam written patterns. We bake
the resist-coated and backside-cleaned substrates on a hot plate at 175 °C for 30 min
(step (2) in Fig. 6.1a). On top of the cured resist layer, we deposit a ~30 nm-thick gold
layer in a sputter coater (EM-ACE600, Leica), to prevent charge accumulation on these
nonconductive substrates that substantially deviates e-beam and hence distorts e-beam
written patterns (step (3) in Fig. 6.1a). We write patterns for gold nanostructures by e-
beam lithography (EBPG 5200 or EBPG 5000+, Vistec) (step (4) in Fig. 6.1a).

In prior to the development, to enable the access of developer solution to the
e-beam written PMMA layer, the top gold layer should be removed by dipping the
substrates in gold etchant solution (TFA, Transene Inc.) for 1 min with gentle agitation.
Then the substrates are thoroughly washed with ample amount of DI water, followed
by a brief N2 blow drying and spin-drying at 2000 rpm for 3 min. The development on
the exposed PMMA layer is conducted by soaking the substrates in 1:3 mixture of
methyl isobutyl ketone (MIBK) and IPA for 60 s, followed by soaking in IPA for 30 s.
During development, gentle agitation is required for homogeneous development over
the whole coverslip surface. Then the substrates are briefly dried by N2 blow and then
spin-dried at 2000 rpm for 3 min. The developed substrates are baked at 100 °C for 2
min, to remove residual solvents and moisture inside the patterned holes. To remove
any remaining resist within the patterned holes that might degrade the adhesion of
metals to the glass coverslip (Supplementary Fig. $6.2), it is necessary to perform
descum process in which the developed PMMA layer is slightly etched by a plasma asher
(TePla300, PVA TePla; etching with 17 sccm Oz flow at 100 W RF power for 3 min
results in ~10 nm etch of 950k A4 PMMA) (step (5) in Fig. 6.1a).

After deposition of 5 nm-thick chromium (Cr) layer as an adhesion promoter
between gold (Au) and glass coverslip, 30 nm-thick Au layer is deposited by e-beam
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evaporation (Temescal FC-2000, Ferrotec; using deposition rates of 0.05 nm/s for Cr
and 0.1 nm/s for Au) (step (6) in Fig. 6.1a). For lift-off, the substrates are soaked in an
80 °C-heated resist stripper solution (PRS-3000, ].T.Baker) for 1 h. The resist removal
can be assisted by the simultaneous use of a magnetic stirrer and/or the intermittent
use of a glass pipette to induce a strong flow in the hot solution. The substrates are
thoroughly washed in ample amount of DI water, spin-dried at 2000 rpm for 3 min, and
finally cleaned with Oz plasma (TePla300, PVA TePla; cleaning with 17 sccm Oz flow at
300 W RF power for 5 min) (step (7) in Fig. 6.1a). The fabricated gold nanostructures
are inspected by both optical microscope (Olympus) and scanning electron microscope
(S4800 FESEM, Hitachi).

6.4.1.2. Microfabrication of Si mold for PDMS block

We use 4-inch Si wafers with thickness of 500-1000 um (University Wafer) as the
substrates to fabricate Si molds for templating PDMS blocks. We clean the wafers in a
custom-made Teflon holder by successive sonication in acetone (A), isopropyl alcohol
(IPA), and deionized (DI) water for 5 min each at room temperature, followed by a brief
N2 blow drying and spin-drying at 2000 rpm for 3 min. We spin-coat a layer of
hexamethyldisilazane (HMDS, MicroChemicals) as an adhesion promoter at 500 rpm
for 5 s and then 2000 rpm for 55 s. We bake the HMDS layer on a hot plate at 200 °C for
2 min (step (1) in Fig. 6.2a).

We spin-coat a ~1.7 pm-thick AZ5214 photoresist (MicroChemicals) at 500
rpm for 5 s and then 3000 rpm for 55 s, followed by baking the resist in an oven at 90
°C for 15 min (step (2) in Fig. 6.2a). Microfluidic channel patterns are written on the
baked photoresist layer using a DLW (ML-2, Durham Magneto Optics Ltd.) with a 405
nm-wavelength laser beam at a dose of 18 m]/cm? (step (3) in Fig. 6.2a). Then post-
exposure bake is performed in an oven at 120 °C for 50 s, to render the exposed region
insoluble in development (at this stage, the micro-patterns written by the laser beam
become visible by bare eyes). Then, all non-exposed regions become soluble in
development by performing a flood exposure with a 320-365 nm-wavelength lamp at
~10 mW/cm? intensity for 15 s (i.e.,, at a dose of 150 m]/cm?2) by using a mask aligner
(EVG 620, EV Group) (step (4) in Fig. 6.2a). The development of photoresist is
conducted by soaking the substrates in MF321 developer (Shipley) for 90 s with
constant agitation and then DI water for 90 s. Then the wafers are washed by using a DI
water gun and then spin-dried at 2000 rpm for 3 min (step (5) in Fig. 6.2a).

The developed wafers are deep-etched by Bosch plasma etching process based
on sulfur hexafluoride (SFs) and octafluorocyclobutane (Cs4Fs) gases which results in
~40 um-deep straight etched sidewalls with rapid etch rates of 2-3 um/min (AMS 100
[-Speeder, Adixen, or PlasmaPro 100 Estrelas, Oxford Instruments) (step (6) in Fig.
6.2a). The remaining photoresist on top of micro-patterned structures is removed by
performing an intense Oz plasma cleaning process for 5-10 min within the same plasma
etcher used for Bosch etching (step (7) in Fig. 6.2a).
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6.4.1.3. Fabrication of PDMS microfluidic device

We use PDMS (Sylgard 184, Dow Corning) prepared by manually mixing the base and
curing agent in a 10:1 ratio by weight for at least 1 min. The mixed PDMS is degassed
by performing centrifuge at 3000 rcf for 3 min (Centrifuge 5702, Eppendorf). Before
centrifuge, the PDMS mixture looks opaque due to the embedded air bubbles, but it
becomes transparent after centrifuge. The degassed PDMS mixture is poured onto a Si
mold. Here, either aluminum foil or a custom-made plastic block is used as a frame to
confine the fluidic PDMS mixture within the Si mold. Then the PDMS is further degassed
in a vacuum chamber for ~1 h. A large number of bubbles are visible on the surface of
PDMS layer at the early stage of vacuum treatment, but they gradually decrease over
time. Taking out of the vacuum chamber, we immediately transfer the PDMS on Si mold
into a convection oven at 80 °C to cure PDMS for 1-2 h (step (8) in Fig. 6.2a). For an
MTC-SODA device (Supplementary Fig. $6.3), we only briefly cure the PDMS sample
at 80 °C for ~10 min, and then place a smaller borosilicate microscope coverslip with
area of 22 mm x 22 mm and thickness of ~150 um (#1, Menzel-Glaser, Thermo Fisher
Scientific) at the top of the PDMS layer. As the PDMS layer is not fully cured yet, its
plasticity allows to form a thin layer of PDMS at center by gently pressing with a Teflon
block. Afterwards, the sample is transferred back into the oven at 80 °C to finish the
curing process for 1-2 h. The rest of the process is the same as the normal SODA device
as described below, but a more careful treatment is necessary for the thin layer of PDMS
and embedded coverslip at center.

After cooling down to room temperature, the cured PDMS layer is peeled off
from the Si mold and cutinto a desired size by using a razor blade (step (9) in Fig. 6.2a).
The inlet/outlet holes are generated by punching holes with biopsy punches (Uni-Core,
Harris) (a 0.75 mm-diameter punch for inlets to connect plastic pipette tips and a 0.5
mm-diameter punch for outlets to insert metal needles that are connected to plastic
tubes and then syringe pumps). During this process, the side of PDMS that will consist
microfluidic channels should be protected from contamination. This side of PDMS and
the surface of a glass coverslip with gold nanostructures are both uniformly treated
with a handheld corona discharger (BD-20ACV, Electro-Technic Products) for ~10 s, to
render their surfaces highly hydrophilic to promote adhesion. After positioning the
PDMS block on top of the coverslip, gently press for a few seconds to form a firm
bonding between them. The microfluidic device is finalized by briefly curing in a
convection oven at 80 °C for 1 min (Fig. 6.2c). The used Si molds are being protected
by a PDMS-coating during storage, by pouring and curing PDMS as described above.

6.4.2. Surface coatings and bioassay for experiments with SODA devices

6.4.2.1. Surface functionalization

The SLB is formed on a glass coverslip by depositing liposomes consisting of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and biotin-labeled 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) (Avanti Polar Lipids Inc.) in a molar ratio of
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99.5:0.5. For fluorescence imaging of SLB for FRAP experiments, rhodamine-conjugated
DOPC lipids were used (Fig. 6.3d). The gold nanostructures fabricated on glass
coverslips are coated by PEG molecules (SH-mPEG, Rapp Polymere GmbH). For
fluorescence microscopy imaging of gold structures, FITC-labeled PEG molecules (SH-
PEG-FITC, Rapp Polymere GmbH) are utilized (Fig. 6.3e). Prior to the application to
gold nanostructure-patterned coverslips, these coatings were demonstrated on gold-
or silica-coated crystal sensors by using QCM measurement (Q-Sense E4, Biolin
Scientific) (Fig. 6.3b,c).

6.4.2.2. Bioassay preparation

To construct double stranded DNA, we use a linear 20.2 kbp DNA amplicon from the
plasmid plA1218 (kindly provided by Prof. dr. Irina Artsimovitch, Ohio State
University), ligated to biotin and digoxigenin enriched ~600 bp DNA handles, as
previously described 1% 51 72, For visualization in a fluorescence microscope, DNA
strands are stained by YOYO-1 intercalation dyes (Invitrogen) (Fig. 6.4). The Rad51
proteins are prepared and fluorescently labeled with Alexa Fluor 488 dyes as
previously described 48 (Fig. 6.5).

6.4.2.3. Experiments with SODA devices

In our experiments with SODA devices, we use three different buffers (A: 10 mM HEPES,
150 mM NacCl, pH 7.4; B: 10 mM HEPES, 150 mM NacCl, 2 mM CaClz, pH 7.4; C: 10 mM
HEPES, 10 mM NacCl, pH 7.4). First, we wash the microfluidic channels with 6 pL of
buffer A. Then, we flow 4 pL solution with liposomes (25 pg/mL in buffer B, formed by
mixture of DOPC and biotin-DOPE as described above) twice to form an SLB. The
channels are washed three times with buffer A, 4 uL each. Then 3 pL of streptavidin
solution (10 pg/mL in buffer A) is used to attach streptavidin molecules onto the biotin-
conjugated lipid molecules in the SLB. The channels are washed again with 4 uL buffer
A and then 6 pL buffer C, followed by incubation with a 3.5 pL of DNA solution (biotin-
DNA-digoxigenin as described above; 0.5 ng/uL in buffer A) (YOYO-1 labeled DNA
molecules are used instead for the experiments shown in Fig. 6.4). The DNA strands are
fixed to the streptavidin-bound lipid molecules through their biotin handles and
become diffusive within the SLB. The trapping at gold nanobarriers and flow stretching
of DNA molecules are performed with buffer C, with a controlled flow rate by using a
syringe pump. For the nucleoprotein filament formation with Rad51 shown in Fig. 6.5,
Rad51 proteins (1 pM) were added to the binding buffer (Tris-HCl at pH 7.5, 60 mM KCl,
2 mM CaClz, 1 mM DTT (dithiothreitol), and 1 mM ATP).
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6.6. Supplementary Information

6.6.1. Supplementary Figures
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Figure S6.1. Optimization of e-beam writing dose and development time. Scanning electron microscopy
(SEM) images of gold nanobarriers fabricated with varying e-beam writing dose (step (4) in Fig. 6.1a) and
development time (step (5) in Fig. 6.1a). The development is not complete for all tested times (30-90 s) at
the lowest dose 1000 uC/cm? (as can be seen from the undeveloped parts of resist within each pattern area).
For a slightly higher dose (1200 pC/cm?), development becomes complete only for longer developing times
(60-90 s). In the case of much higher doses (1400-1800 pC/cm?), development is always complete in the
tested range of developing times (30-90 s). However, too high doses (1800 pC/cm?) imply much longer e-
beam writing times, whereas too short development times (30 s) might result in incomplete development for
very small patterns. Hence, for reproducible gold nanostructure fabrication, optimal conditions are
determined as 1400-1600 pC/cm? and 60-90 s.
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Figure S6.2. The necessity of descum step in gold nanostructure fabrication. Microscopy images of the
gold nanostructures fabricated (a,b) without a descum step and (c,d) with a descum step. Both bright field
images (a,c) and dark field images (b,d) are shown for each sample, with the dark field images more clearly
indicating the location and size of each nanostructure. Based on the relative size difference, the gold barriers
(smaller spots) and anchors (larger spots) are distinguishable. It is apparent that many gold nanostructures
are incomplete or missing in the absence of the descum step. All images are recorded following lift-off (i.e.,
step (7) in Fig. 6.1a).
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Figure S6.3. Fabrication of a magnetic tweezers-compatible (MTC)-SODA device. (a) Fabrication steps
for an MTC-SODA device: (1) PDMS is poured onto a Si mold, as in step (8) in Fig. 6.2. However, a different
cross-sectional view, along the length of a microfluidic channel, is shown. Hence, the protrusion of Si mold
corresponds to the whole length of a microfluidic channel; (2) after partially curing the PDMS, a smaller
coverslip and a Teflon block are positioned at the center; (3) gently pushing the Teflon block downwards
deforms the PDMS layer and positions the smaller coverslip at the vicinity of channel; (4) after fully curing
the PDMS, only the Teflon block is removed; (5) punching inlet/outlet holes into the thick parts of PDMS; (6)
bonding PDMS block with coverslip following corona discharge treatment of both; (7) the assembled device
is connected to the inlet/outlet tubing and loaded onto a TIRF microscope combined with magnetic tweezers.
A pair of strong magnets (within light green box) can be closely positioned at the vicinity of the fluidic channel
embedded in the thin part of PDMS block. Photographs taken from (b) slanted- and (c) side-views of an
assembled device (similar to step (6) in panel (a)). From the slanted-view (b), the locations of channels are
clearly visible as several channels are partially filled with blue solution. From the side-view (c), the recessed
and uniformly thin PDMS layer covered with a smaller coverslip is clearly visible in the central region of the
device. (d) A photograph of an MTC-SODA device loaded onto a magnetic tweezers setup (similar to step (7)
in panel (a)). The width of the recessed region (indicated with double-sided arrow) was sufficiently wide to
allow the approach of a pair of strong magnets (within light green box at center). Hence, successful application
of magnetic force was possible.
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Figure S6.4. Fluorescence recovery after photobleaching (FRAP) on an SLB. (a) A kymograph for FRAP
process on an SLB formed on a bare glass coverslip. An intense light pulse was irradiated at ~1 s to bleach
fluorescently labeled lipid molecules within a spot (black) on an SLB layer. With time, the fluorescence
intensity gradually recovers due to the diffusion of non-bleached molecules into the initially bleached region.
(b) Fluorescence intensity over time, from the central position of the kymograph shown in panel (a). The
dynamics of photobleaching and recovery processes are clearly visible.
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Figure S6.5. Non-specific binding of proteins on non-coated and SLB-coated glass surfaces. (a)
Representative fluorescence microscopy images of non-specifically bound, fluorescently labeled proteins.
Comparing the two images, it is clear that the SLB-coated surface (image at right) exhibits significantly
reduced non-specific binding, relative to the non-coated glass surface (image at left). The protein used in this
test is Cy3-labeled anti-HIS IgG, at concentration of 1.5 mg/mL (~10 puM) (a kind gift from the Chirlmin Joo
lab of the TU Delft). (b) The result of statistical analysis of multiple fluorescence images. The overall
fluorescence intensity of each image is obtained by averaging the intensity of all pixels within a fixed region
of interest (ROI). The height of each bar is the averaged fluorescence intensity from multiple images, while
the error bar denotes the standard deviation (N = 6).
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Figure S6.6. Highly selective surface functionalization between gold and glass. The selectivity in the
functionalization of gold versus glass is cross-validated by using larger (50 pm x 50 pm square patterns) gold
structures, than the submicron structures shown in Fig. 6.3e. (a) Au functionalization scheme: (1) gold
patterns are prepared as depicted in Fig. 6.1a; (2) gold surfaces are selectively PEGylated by SH-PEG-COOH
(MW 5,000) molecules; (3) DNA molecules (4.6 kbp NH2-dsDNA) are covalently bound to PEG by forming
peptide bonds; (4) DNA molecules are labeled by intercalating fluorophores (YOYO-1). (b) A brightfield
microscopy image showing the prepared gold patterns. Au appears as dark due to its reduced light
transmission. (c) A fluorescence microscopy image of a square gold pattern that is selectively functionalized
and labeled according to the steps in panel (a), demonstrating the high selectivity in functionalizing Au over
glass.
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Figure S6.7. Statistics of the number of confined DNA molecules per barrier as a function of barrier
size. (a) The DNA occupancy, defined as the probability of trapping at least one DNA molecule per each Au
barrier by directional diffusion under weak buffer flow, is plotted as a function of gold barrier size. For the
smallest barrier size (L = 200 nm), trapped DNA molecules were hardly found. In contrast, for the largest
barrier size (L = 600 nm), most barriers contain one or more DNA molecules. (b) The fraction of single DNA
confinement among all the barriers that confine one or more DNA molecules. The larger barriers have more
probability to confine more than one DNA molecules. In panels (a,b), the symbols and error bars denote the
average and standard deviation (N = 168), respectively. (c) The Poisson mean obtained from the fitting to
Poisson distribution (Fig. 6.4d). The barriers with size L = 400 nm exhibit the mean closest to one (horizontal
dash-dotted green line).
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Figure S6.8. Advantages of DNA positioning in a dense array. Fluorescence microscopy images showing
the results of different DNA positioning strategies. (a) A result from the random binding of DNA molecules,
which shows a small number (N = 14) of flow-stretched DNA molecules on the surface. Such small number is
resulting from using a reduced DNA concentration in buffer, as the random binding with high DNA
concentration in buffer often results in overlapping DNA molecules that hinders proper image analysis. The
overlaid numbers indicate the manually detected DNA strands in our home-made image analysis routine,
while the overlaid white circles indicate the extremities of DNA molecules facing upstream. (b) A result from
the DNA placement in a SODA device (the same image as shown Fig. 6.5b). Within the same field of view used
in panel (a) image, it supports an order of magnitude larger number of DNA molecules (N ~100). The overlaid
white circles indicate the automatically detected DNA molecules.



Conclusions and Recommendations

The overall achievements of this thesis, in the fields of force and torque spectroscopy
with optical torque wrench (OTW) and high-throughput single molecule fluorescence
imaging with stretched and oriented DNA arrays (SODA), are described. The use of
single-crystal rutile TiO2 as a newly proposed OTW probe material in this thesis is
highly promising for answering diverse questions in biophysics and for applications in
other scientific and engineering fields. Furthermore, the use of the SODA microfluidic
device is expected to offer opportunities to obtain large single-molecule datasets to
derive more statistically robust interpretations. In addition, possible improvements for
more practical and efficient implementation of these techniques are discussed. For
OTW, the advantages of differently shaped torque probes, possible routes for enhanced
cleaving and mass production of torque probes, several alternative methods for the
nanofabrication of highly-birefringent particles, and suggestions for the improvement
of calibration and setup are discussed. In addition, possible routes to render SODA
devices more accessible are presented.

A part of this chapter, 7.2.5. Highly birefringent nanorods made from tailored metamaterials, is a collaboration
among the following authors: Ying Tang*, Seungkyu Ha* Thomas Begou, Julien Lumeau, Belen Solano, Nynke
H. Dekker, Auréle J. L. Adam, and Paul H. Urbach. Another part of this chapter, 7.2.8. More accessible stretched
and oriented DNA arrays, is a collaboration among the following authors: Seungkyu Ha, Humberto Sanchez,
Richard Janissen, Theo van Laar, Belen Solano, and Nynke H. Dekker. (*equal contribution)
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7.1. Current research outcomes

7.1.1. Single-crystal rutile TiOz probes for the optical torque wrench

The capacities of the optical torque wrench (OTW) can be extended by employing
single-crystal rutile TiO2 nanocylinders as a novel probe particle that has been
developed and extensively investigated in this thesis. The top-down fabrication
protocol for single-crystal rutile TiO; developed here provides the means to fabricate
TiO2 nanocylinders with desired sidewall profile (cylinders, cones, and hourglass-
shapes) and dimensions (diameter of 100-600 nm and heights of 1-2 pum). The
developed surface functionalization approach uses epoxysilane mono-linker (GPDMES)
for rapid and robust (high density and uniformity of coating) surface coating. This
coating protocol is capable of covalently immobilizing diverse biomolecules while
preventing particle aggregation. An improved protocol to fabricate exceptionally thick
chromium etch masks has been additionally developed to allow precise control of
cylinder dimensions. By integrating these individual developments, the utility of the
novel particles in single-molecule studies has been demonstrated by successfully
stretching and twisting single DNA molecules tethered to rutile TiOz nanocylinders. The
advances made in this thesis have successfully overcome the difficulties of precise
single-crystal rutile TiOz etching and efficient biomolecular coating to its surface for the
first time.

To further elucidate the landscape of achievable performance with rutile TiO:
particles, finite element method (FEM)-based numerical calculations and accurate
measurements of differently sized nanocylinders were performed. First, particle
dimensions supporting three-dimensional (3D) optical trapping of single-crystal rutile
TiO; particles were investigated, since their high refractive index causes known
difficulties in 3D trapping. Nanocylinders with diameters < ~250 nm are optically
trappable, as demonstrated by both experiments and FEM calculations (for cylinders
with aspect ratio range of 2-5, considering the practical limitations of the employed
top-down fabrication method). In addition, several advantages of cylindrical torque
probes are demonstrated by numerical calculations. The 3D-trappability can be
enhanced by reducing light scattering, and all three rotational degrees of freedom
(RDOF) can be confined due to the geometry-originated torque components.

For trappable nanocylinder dimensions, characterizations of both the linear
and angular optical trapping properties are conducted. The results demonstrate that
large forces up to ~1 nN range and torques in 1-10 nN-nm range at 1-10 kHz rotation
frequencies can be applied, which is also supported by the performed numerical
calculations. The angular trapping properties represents an order(s)-of-magnitude
improvements compared to the performance of previously devised torque probes (e.g.,
quartz SiOz). Such remarkable torque probe performance is possible as rutile TiO:
possesses the highest birefringence among all naturally occurring crystals, which
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permits maximized torque transfer to particles of size only ~1 um (compared to ~30
um for quartz SiO: particles, which are impractically large compared to the focal volume
of a typical single-beam optical trap).

The application of Allan deviation (AD) analysis on angular dynamics is
thoroughly investigated in this thesis for the first time. The use of AD analysis on
torque/angle is analogous to the well-established case of AD analysis on force/position,
and successfully reports achievable measurement precision and temporal resolution.
First, the validity of applying AD analysis to angular dynamics is proven using datasets
generated by stochastic simulations of rotational motion. Then, AD analysis is applied
to measured datasets from OTW to prove that single-crystal rutile TiO2 particles exhibit
high measurement precisions that corresponds to ~1 pN, ~1 nm, ~1 pN-nm, and ~1° at
timescales of (sub)milliseconds. These spatiotemporal resolutions are suitable for the
measurement of single biomolecules, as their linear and angular dynamics occur at
similar scales. The AD analysis results from OTW data are further compared to those
resulting from (electro)magnetic torque tweezers (eMTT). The comparison indicates
that OTW exhibits superior precision on short time scales from (sub)milliseconds to
~10 s. However, the eMTT are complementary to OTW in the sense that they provide
measurement precision higher than OTW only at longer time scales (> ~10 s).
Additionally, the conditions that should be fulfilled to perform a valid AD analysis on
data acquired from different types of sensors (photodiodes for OTW versus cameras for
eMTT) are discussed in depth, and a set of general recommendations is given to
optimize spatiotemporal resolution as a function of particle drag and trapping stiffness.
Further, the ability to detect diverse noise components in detail is demonstrated by

comparing AD plots of OTW datasets obtained from either stable or noisy environments.

7.1.2. Stretched and oriented DNA arrays
The prototype stretched and oriented DNA array (SODA) devices are designed and
fabricated to demonstrate the possibility of configuring a high-throughput single-
molecule measurement platform equipped with real-time direct visualization
functionality based on fluorescence imaging. A glass coverslip patterned with
specifically designed shapes of gold nanostructures and coated with a supported lipid
bilayer (SLB) forms the bottom of microfluidic channels. The SLB coating further
provides effective passivation to suppress aspecific adhesion of DNA and other
biomolecules. The other three sides of the microfluidic channels are provided by PDMS
blocks patterned through casting on Si molds. A modified version of PDMS block with a
thinner (100-200 pm) central region provides access for strong magnets in a magnetic
tweezers setup. This is expected to add a force control functionality to SODA and extend
its possible application.

In the aspect of device fabrication, the flexibility of the design process is
enhanced by adopting maskless lithography techniques for both microscale and
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nanoscale fabrications. The nanoscale features for gold nanostructures are patterned
by e-beam lithography, while the micron-scale features for microfluidic channels are
patterned by direct laser writing (DLW). As masks are not required for all levels of
pattern sizes, modifications of pattern design can be rapidly implemented. During an
experiment, the gold nanostructures fabricated prior to SLB formation first physically
confine one end of a single DNA strand at V-shaped barriers, and then the DNA molecule
is stretched by buffer flow. In a doubly-tethered scheme, the other end of the flow-
stretched DNA can be anchored by specific chemical bonds to pentagon-shaped anchors,
and its stretching can then be maintained without buffer flow. The dimensions and
positions of gold nanostructures are designed in such a way that they permit colinear
attachment of DNA molecules and control the tensions of doubly-tethered DNA
molecules. Particularly, the size of the gold nanobarriers is optimized to host only one
DNA strand per barrier while suppressing the probabilities of zero or multiple DNA
confinement.

The proof-of-concept experiments were conducted with Rad51 proteins that
have been widely studied, and they play a crucial role in the eukaryotic DNA repair
mechanism. It has been previously shown that Rad51 proteins form nucleoprotein
filaments that are stable within certain buffer conditions % 2. This behavior is used to
demonstrate the capability of the prototype SODA devices, in which tracking and
analysis of ~100 DNA strands was possible with home-made image analysis routines.
For each DNA strand, its nucleoprotein filament formation dynamics were visualized by
a kymograph.

7.2. Suggestions for further development

7.2.1. Utilization of the various shapes of nanoparticle probes

In Chapter 3, different possible nanoparticle geometries achievable with the top-down
fabrication protocol developed here are shown: cylinders, cones, and hourglass-shapes.
Each of these shapes provides different advantages and disadvantages. The dimensions
of cylinders can be defined by only two geometrical parameters (diameter and height),
and this facilitates the optimization of probe design and the prediction of trapping
properties, as demonstrated by the diverse calculated maps of trapping parameters and
experimental results presented in Chapter 4. Cones may provide a better option to
investigate angular dynamics of biomolecules, if selective surface coating is performed
on their sharp tips (as shown in Chapter 3). When the coated tip is tethered to a
biomolecule, the axis of rotation will be coincident with the center of mass of the
particle. Then, the interpretation of the observed angular motion of the biomolecule can
be more straightforward and precise, as wobbling or precession of the particle will be
reduced. However, the yield of successful tethering of biomolecules might decrease due
to the smaller surface area of the sharp tips. Also, optimizing the cone dimensions for
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desired trapping parameters may not be straightforward, as trapping behavior highly
depends on the taper angles, as shown in Chapter 4.

Hourglass shapes are expected to bring the axial equilibrium trapping
positions (zeq as explained in Chapter 4) closer to the focal plane, based on preliminary
numerical calculations. In comparison, most of cylinder dimensions have ze; values that
are distant from the focal plane (Chapter 4). Hence, the end of a cylinder closer to the
focal plane will experience tighter trapping compared to the other end. This imbalance
might induce larger wobble and precession during torque and angle measurements,
particularly for longer cylinders. The hourglass shape might be a solution to this issue,
and can also be useful when configuring a dumbbell assay 3. Unlike the microspheres
used in the conventional dumbbell assays, pulling a rod-shaped particle from its side
can tilt it if all of the tethering points, center-of-mass, and ze; of a particle are not
colinear. Such tilting is however undesirable, as it may result in a substantial change of
trapping stiffness or difficulties in force and torque calibrations. However, there exist
several challenges in the use of hourglass-shaped particles. It was observed that they
break more easily during the cleaving process due to their thinner waist. In addition,
for the use in dumbbell assays, a different method needs to be devised to selectively
functionalize the middle of hourglass-shaped particles.

7.2.2. Alternative routes for cleaving single-crystal nanocylinders

A mechanical cleaving process is used to separate the top-down fabricated
nanoparticles from the substrates, as shown in Chapter 3. However, such process can
result in unevenly cleaved facets, as it can be observed in the SEM micrographs in
Chapter 3 and Chapter 4. Also, uniform cleaving result with fewer broken particles is
dependent on operator skill. Such particle unevenness can result in a non-uniformity of
optical trapping behavior, especially for particles with a high refractive index such as
TiO2. For example, the distribution of the measured trapping parameters of rutile TiO2
nanocylinders (Chapter 4) is partially attributed to this geometrical non-uniformity.
Another issue of mechanical cleaving is the low yield of cleaved particles. Using SEM, it
was observable that a large portion of the cleaved particles were not collected into a
buffer solution but adhered to the surfaces of substrates and blades. Therefore, the
development of a more advanced method of cleaving is required to guarantee more
clean cleaved facets and higher particle collection yield. For example, using a PDMS
roller  may increase the uniformity of cleaved facets, and embedding the nanocylinders
within an water-soluble polymer scaffold > ¢ (unlike the PDMS used in Refs. 5, 6) before
cleaving might increase the collection yield.

7.2.3. Mass fabrication of nanoparticle probes for OTW
A top-down nanofabrication method is chosen in this thesis for production of
nanoparticle probes for OTW because it permits the use of pure single-crystalline
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structures and, within these, the realization of cylindrical geometries with precise
control over dimensions. In addition, e-beam lithography is used to rapidly produce
nanocylinders of different dimensions for comparative studies of their trapping
parameters (Chapter 4). However, this combination exhibits a lower yield of particle
production compared to other approaches based on bottom-up methods or
photolithography. As a large number of mass-produced probe particles are generally
required for practical use in biological or other applications, possible solutions to
increase the particle production yield are discussed here.

If a spherical shape or a smaller birefringence than rutile TiO: suffices for a
particular application, bottom-up methods based on chemical synthesis can be more
practical, e.g.,, mass production of microspheres made of vaterite CaCO3 7 or nematic
liquid crystal 8. For the opposite case, however, top-down approaches are necessary,
and there exist techniques with a higher throughput than e-beam lithography. For
example, diverse photolithography techniques including a stepper system °9,
nanosphere lithography 19, and laser interference lithography 11 have been successfully
employed to mass-produce birefringent cylinders made of quartz SiOz to use in OTW
setups. There are also other lithography techniques not based on photons but suitable
for a mass-production, e.g., nanoimprint lithography 12 and stencil lithography 13. Once
the cylinder dimensions are optimized for a target application, using one of the
abovementioned lithography techniques will facilitate the mass-production of
birefringent particles from single-crystal rutile TiO2 substrates.

7.2.4. Highly birefringent nanoparticles from the substrates of (001) orientation
All of the single-crystal rutile TiOz cylinders presented in this thesis are fabricated from
substrates with the (100) crystal orientation. However, the (001) crystal orientation
has the potential to be used for the fabrication of birefringent nanorods (not designated
as cylinders because their cross-sectional shape is more close to a triangle in this
approach due to the slanted etch direction, as shown in Ref. 14). For the (100) crystal
orientation, the long axis of a nanorod should be vertically aligned with respect to the
substrate during fabrication, to eventually allow the optic axis to be perpendicular to
the beam propagation direction in an OTW (the stable angular manipulation of a
birefringent nanorod becomes possible only under this configuration, as explained in
Chapter 3 and Chapter 4). Inversely, for the (001) crystal orientation, the long axis of
ananorod should be horizontally aligned with respect to the substrate to have the same
configuration in an optical trap. A fabrication protocol is developed to enable this
horizontal alignment of nanorods during fabrication, and a preliminary result is
presented here.

Being inspired by the protocol that enabled fabrication of hourglass-shaped
rutile TiO2 particles (Chapter 3), the same etching condition is employed to fabricate
nanorods that are horizontally aligned with the substrates (Fig. 7.1a,b). The etching
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condition provides the means to achieve angled etch directions and hence permits to
separate horizontal nanorods from a substrate, without using a Faraday cage 4. One of
the advantages of this approach is that there exists no limit on the achievable particle
height, in contrast to the ~2 pm height limit in the case of etching vertical cylinders
(Chapter 3). This opens up a new possibility to use several crystals other than rutile
TiO2 to achieve maximal torque transfer. For example, as shown in Chapter 4, anatase
TiOz has its optimal height for maximal torque transfer in the range of 3-4 um, which
exceeds the fabrication limit. Moreover, even exotic particle shapes are possible, e.g.,
alphabet-shaped particles 15. Such asymmetric particle shapes can exhibit peculiar
behaviors in an optical trap 16 that might find other interesting applications. The
optimization of this etching process or the introduction of an even more directional
etching mechanism using a Faraday cage 14 will enable a better controlled shape of
nanorods than shown in this preliminary result. This approach also requires
mechanical cleaving at the final stage of fabrication to detach the etched particles from
a larger supporting structure (as shown in Fig. 7.1a), and hence a suitable cleaving
method needs to be developed.

7.2.5. Highly birefringent nanorods made from tailored metamaterials

Although single-crystal rutile TiOz possesses superior optical properties as an OTW
probe among all naturally occurring crystals, such properties are not tunable but fixed
by the given crystalline structure. A tailor-made particle with optical properties tuned
for each specific application is predicted to further broaden the applicability of OTW,
including biophysics research and many other fields. Therefore, an alternative route is
explored for obtaining highly birefringent particles from a metamaterial 17 with a
subwavelength multi-layer dielectric structure. The preliminary results are presented
here.

The design principle of the artificially birefringent metamaterial probe is based
on the effective medium theory (EMT) 18. EMT predicts that a set of alternating layers
of two different isotropic dielectric materials exhibits an effective birefringence. For
this preliminary experiment, the two materials chosen are Nb20s (n = 2.26) and SiO:z (n
= 1.47). The multilayer is sputter-deposited on a Si wafer coated with a chromium (Cr)
sacrificial layer. The thickness of each layer is 25 nm (= d(Nbz0s) = d(Si0z)), and the
total multilayer thickness is 300 nm. The filling ratio, defined as the relative ratio
between the thicknesses of the two materials (= d(Nb20s)/(d(Nb20s) + d(Si0z)), is set
to be 0.5, and EMT predicts that this multilayer has an effective index n = 1.8 and a
birefringence |An| = 0.16. The multilayer film is patterned by e-beam lithography to
obtain particle dimensions with a width of 300 nm and a height of 1200 nm, and then
dry-etched to a depth of 300 nm using a protocol similar to the one presented in
Chapter 3. Hence, the resulting particles have a square cross-section (Fig. 7.1c). The
particles were released from the Cr sacrificial layer by soaking the wafer in Cr etchant,
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Figure 7.1. Preliminary results from the alternative fabrication routes for highly-birefringent nanoparticles
for OTW. (a,b) SEM micrographs (taken before Cr etch mask removal) of the nanorod structures fabricated
from a single-crystal rutile TiOz substrates with the (001) crystal orientation. The slanted view (a) clearly
shows the separation between the nanorod (diameter of 100 nm) at center and the etched bottom of the
substrate. The separation is less complete nearby the large supporting structure shown in the top part of the
image. An extended etch time, a differently shaped (e.g, triangle as shown in Ref. 19) supporting structure,
or a smaller nanorod diameter is expected to complete such separation. The nanorod pattern with a thicker
diameter (200 nm) visible in the top-left corner is not separated from the substrate. The top view (b) shows
the dimensions of the same nanorod shown in panel (a) (diameter of 100 nm and length of 2 pm). One end of
the nanorod is connected to the large supporting structure shown in the top part of the image. (c,d) SEM
micrographs (taken after Cr etch mask removal) of the metamaterial nanorods fabricated from Nb20s/SiO2
multilayer substrates. The slanted view (c) shows the etched metamaterial particles in an array on top of the
Cr sacrificial layer. The top view (d) clearly shows the multilayer structure in the side wall of a metamaterial
nanorod released after the removal of the sacrificial layer.

and then the Cr etchant solution containing the dispersed nanorods is diluted by a few
hundred times with DI water. The collected particles were inspected by SEM and the
multilayer structure was clearly identified (Fig. 7.1d).

The particles were measured in an OTW and resulted in ~11.1 nN-nm torque
at ~3.2 kHz rotation frequency (at ~92 mW laser power). However, further
characterization of their trapping properties as a function of particle dimensions and
filling ratio is required. The correct estimation of their drag coefficients is also
important, as these metamaterial particles have a square cross-section. A surface
functionalization strategy and/or an alternative sacrificial layer material may be
necessary to be further devised for biological applications. In addition, this approach is
expected to provide more geometrically uniform particles as mechanical cleaving is not
involved. This is also suitable for a mass-production of birefringent particles due to the
availability of a larger substrate size (a 4-inch Si wafer was used in this experiment,
compared to the typical 10 mm x 10 mm substrate size for single-crystal rutile TiOz).
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Importantly, these particles were stable in aqueous environments, unlike the highly-
birefringent calcite CaCOs crystal which has very similar optical properties (n = 1.56,
|An| = 0.16). It is also of interest to explore metamaterial probes with other material
combinations than Nb20s/Si02 and different structural configurations of metamaterial
than planar multilayers. Overall, the potential of metamaterial nanoparticles is
demonstrated, and it is expected to expand the library of materials for optical torque
transducers.

7.2.6. Position and tilt calibration of nanocylinders in an OTW

The position calibration of probe particles in an OTW is performed using back focal
plane interferometry 29, which reports on the three-dimensional coordinates (x, y, and
z) of a trapped particle. This method is well established and utilized in this thesis for
both polystyrene microspheres and rutile TIO2 nanocylinders (Chapter 3 and Chapter
4). However, the cylindrical geometry allows tilted orientations, unlike the case of
microsphere in which tilting does not change geometrical orientations. As trapped
cylinders can wobble without rotation and exhibit precession under rotation, more
accurate measurement and understanding of cylinder trapping dynamics will be
possible if two orthogonal tilting angles (around the x- and y-axes when the laser beam
propagates along the z-axis) can be precisely measured simultaneously in addition to
the three-dimensional coordinates 21.

It is noteworthy that the abovementioned polymer scaffold method ¢ can also
be used to provide vertically aligned and immobilized cylinders as a reference for
position calibration. In case of dielectric microspheres, a calibration reference can be
easily prepared by attaching them to a flow cell surface. However, the same approach
was not applicable for TiOz nanocylinders, because they lie down when attached to a
flow cell and their long axes are perpendicular to the laser beam propagation direction.
This is opposite to the actual trapping configuration, in which their long axes are
parallel with the beam propagation direction. For the purpose of providing a calibration
reference, index-matching polymers such as MY133 polymer 22 are highly promising.

7.2.7. Solid-state implementation of the optical torque wrench
The OTW setup used in this thesis is based on bulk optical components. Therefore, it
requires a tremendous amount of careful alignment, considering polarization effects
and coupling between many different optical elements. Furthermore, as the laser beam
path is in ambient air, detection is very sensitive to acoustic vibrations in the
surrounding environment. The large number of optical components also decreases the
stability of the overall OTW setup compared to much simpler magnetic tweezers, as
shown by Allan deviation analysis in Chapter 5.

A solid-state OTW setup is highly promising to solve these issues. In general,
the use of waveguide-based optical trapping has been proven to be more stable than
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bulk optics setups due to the simpler configuration and the beam path confined in the
solid-state waveguides 23-26, Additionally, it has been shown that such waveguide-
trapped particles can be rotated 27, and that minute torque can be measured and applied
based on spin angular momentum using waveguide-based photonic circuits 28.
Altogether, an integrated-photonics version of OTW is highly feasible, and this solid-
state approach is also much more practical than bulk optics for multiplexing, as
suggested in Ref. 23. It might even be coupled with SODA devices to permit dynamic
control and measurement of force and torque in them.

7.2.8. More accessible stretched and oriented DNA arrays

The potential of SODA as a high-throughput single-molecule platform has been
demonstrated in this thesis. Each SODA device is in principle considered to be
disposable because it is difficult to perfectly clean organic residues adhered to surfaces,
which would affect the reproducibility in the next round of experiments. However, the
e-beam lithography patterning step for gold nanostructures is a bottleneck for the
mass-production of SODA devices due to its slow patterning speed and the need for
access to cleanroom facilities. Therefore, it is desirable to develop a method to mass-
produce nanoscale gold patterns for SODA devices. Reducing the dependence on
cleanroom facilities as much as possible is also an important factor to render SODA
devices more broadly accessible to scientists, including ones who do not use cleanroom
facilities on a daily basis. For example, PDMS blocks with microfluidic channels can be
easily replicated at any time once the Si mold is fabricated in the cleanroom with an
optimized design, and the Si mold can be used for years.

Stencil lithography is a probable solution, as it can replicate nanoscale features
with high spatial resolution 13. However, the fabrication of a stencil is rather
complicated, and the stencil needs to be regenerated regularly by etching the deposited
metals (chromium or titanium as an adhesion layer and gold for attaching
biomolecules). Hence, the stencil might be damaged after several cycles of metal etching.
Also, at least a vacuum machine is required for the deposition of metals.

A more viable solution could be micro-contact printing (mCP) to pattern an
array of patches consisting of linker molecules (silanes or proteins such as antibodies
and streptavidin) or gold nanoparticles. It has been previously shown that protein
patches can be reproducibly patterned with diameters of 200-600 nm 2°, which
represents the desired length scale for attaching DNA molecules for SODA (Chapter 6).
Moreover, this process relies on a patterned Si mold only to reproduce patterned PDMS
stamps for mCP 29 which is almost the same as producing the PDMS microchannels for
SODA, in the aspect of the required materials and equipment. Hence, the application of
mCP for DNA attachment in SODA devices is highly promising.
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Summary

Developments in single-molecule instrumentation for biophysical studies have
enabled in-depth investigation of the physical behavior of biomolecules and cellular
machineries that are workhorses for core cellular processes such as transcription,
replication, translation, homologous recombination, and DNA repair. However, there
remain myriads of unanswered biological questions, and the continuous development
of new techniques is required to be equipped with proper tools to investigate biology
at the nanoscale. With more advanced tools, it is expected that many crucial working
mechanisms of life will be revealed earlier and eventually benefit healthcare and
medicine. This thesis primarily presents technological advances in the force/torque
spectroscopy on individual biomolecules, and secondarily in the high-throughput
measurement of biomolecules based on fluorescence microscopy.

First, force/torque spectroscopy is suitable for answering questions
regarding sophisticated mechanical properties and rapid dynamics of single
biomolecules such as nucleic acids and proteins. There are many different such
force/torque spectroscopy techniques, including optical tweezers, magnetic tweezers,
and atomic force microscopy. In this thesis, optical tweezers have been chosen for
further development because they currently represent the technique that allows the
fastest and most precise measurement of minute forces and torques on individual
biomolecules.

Control of light’s polarization and, ensuingly, of optical angular momentum
transfer provides an unrivaled method for precisely applying and measuring torque.
Optical tweezers with such an extended torque application functionality are typically
denoted as optical torque wrenches (OTW). With the possibility for accurately
controlled application and high-precision measurement of both force and torque, the
OTW has great potential to reveal a refined picture of the mechanical behaviors of
biomolecules. Torque cannot be measured in conventional optical force spectroscopy,
and hence there are still many domains to be explored with this technique. For
example, it is known that accumulated torque plays an important role in cellular
processes involving transcription and replication, but as yet investigations on such
mechanism is not a routine compared to those on force-related mechanisms.

There have been continuous improvements to optical tweezers and OTW over
the last decades, in terms of both optical setup configuration and optical trapping
probe design. As the most widely used kind of optical tweezers is the single-beam
optical tweezers, whose complex hardware is already quite sophisticated, this thesis
focuses on the use of a novel probe material rather than upgrading the spectroscopic
component of the setup. The suggested material is single-crystal rutile TiO2
nanoparticles, and their use as optical probes is explored in depth.
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This thesis thoroughly covers the whole aspects from preparation to
utilization of single-crystal rutile TiO2 nanoparticles. This material had not been
utilized as an optical probe in prior to this thesis partly due to the known difficulties
in etching and surface coating of TiO2. These challenges have been overcome by the
developments of a tunable top-down nanofabrication protocol and an optimized
surface functionalization and bioconjugation strategy in this thesis. Another challenge
in its utilization had been the difficulties in stable three-dimensional optical trapping
due to its high refractive index. This issue has been addressed in this thesis by
employing cylindrical particle geometry and optimizing its dimensions for both tight
optical trapping and maximal optical torque transfer. This optimization result has
been verified by both experiments in OTW and finite element method (FEM)-based
numerical calculations. With these developments, the range of applicable torque and
rotation frequency have been expanded by order(s)-of-magnitude, and this is
expected to enable the full characterization of powerful biological rotary motors such
as bacterial flagellar motors. Simultaneously, its maximal torque transfer efficiency at
small particle size permits substantially improved precision and temporal resolution
of torque and angle measurements, as proven by Allan deviation analysis, which are
suitable for investigation of the subtle dynamics of diverse biomolecules. At the same
time, its high refractive index permits improved performance as a force probe as well,
exhibiting a larger maximal applicable force and enhanced spatiotemporal resolution.
Therefore, a single-crystal rutile TiOz nanocylinder is unique in the sense that it
functions as a joint force and torque transducer that integrates the advantages of the
previously developed transducer particles and outperforms them.

Second, the development of a high-throughput fluorescence microscopy
technique that complements force/torque spectroscopy is presented. Although OTW
offers precise quantification of force and torque (and their conjugate variables,
position and angle) at high spatiotemporal resolution, it is limited in throughput, as it
measures only single biomolecules at a time. Similarly, several other high-
performance mechanical spectroscopy techniques such as optical tweezers and atomic
force microscopy also exhibit low throughput. However, for certain biological
questions, observing large datasets to obtain overall statistical behavior becomes the
priority rather than in-depth investigation of individual molecular behavior. The
single-molecule instrumentation with high-throughput capacity has been pioneered
by multiplexed magnetic (torque) tweezers, acoustic force spectroscopy, and
centrifugal force microscopy. Although possessing a multiplexing capacity, they are in
principle indirectly probe biomolecules. However, specifically for the investigation of
protein-nucleic acid interaction dynamics, direct visualization of differently labeled
biomolecules based on fluorescence is helpful to obtain more straightforward and
unbiased spatial information.
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The DNA nanocurtain technique combines both high-throughput and direct-
visualization capacities. The movement of a large number of labeled biomolecules can
be tracked in real time using fluorescence. It is a highly accessible platform due to its
straightforward coupling to fluorescence microscopy and much less complicated
experimental configurations. It has proven its potential by investigating many
important biophysical processes such as homologous recombination and chromosome
organization. This thesis introduces preliminary experiments to develop an optimized
DNA nanocurtain platform, which is denoted as stretched and oriented DNA arrays
(SODA). Specifically, it is designed for large eukaryotic protein complexes such as the
replisome.

Chapter 1 gives a general introduction to the field of biophysics research and
single-molecule instrumentation, while Chapter 2 provides an overview of the
methods (optics, nanofabrication, and surface functionalization) used in the following
chapters. In Chapter 3, a novel top-down nanofabrication protocol is presented, in
which single-crystal rutile TiOz nanoparticles are plasma-etched with fluorine-based
reactive species. With this protocol, a large number of nanoparticles can be fabricated
with high geometrical uniformity in a desired shape and dimension. A surface
functionalization strategy using epoxysilane linkers is also presented, and its
successful use is demonstrated through bioconjugation with diverse biomolecules and
maintenance of monodispersity in physiological buffers. Combining both
developments, a successful demonstration of stretching and supercoiling of single
DNA strands was possible in OTW.

Chapter 4 shows the first in-depth investigations of both linear and angular
optical trapping behaviors of single-crystal rutile TiOz nanocylinders in OTW. By
fabricating and measuring multiple batches of differently sized nanocylinders, the
ranges of diameter and height that support tight optical trapping by a single focus
beam were found. Also, the applicability of large torque (1-10 nN-nm) and rotation
frequency (1-10 kHz) in aqueous environments with only moderate laser power (<
100 mW) was demonstrated. In addition, an improved fabrication method for
chromium etch mask formation is briefly introduced, which allows a better control of
sidewall angles across a wide range of nanocylinder dimensions. At the same time,
using Allan deviation (AD) analysis, it has been shown that the OTW-measurable
physical quantities from such nanocylinders achieve high measurement precision
suitable for biomolecular measurements (~1 pN force, ~1 pN-nm torque, ~1 nm
position, and ~1° angle) at (sub)milliseconds temporal resolution. All of these results
could be predicted by FEM-based numerical calculations of electromagnetism and
hydrodynamics, which are useful in the design of probes with tailored physical
properties.

In Chapter 5, the theoretical background for and experimental proof of the
applicability of AD analysis to rotational motion are presented for the first time and
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discussed in depth. Also, the performance of OTW with single-crystal rutile TiO2
nanocylinders is compared to that of (electro)magnetic torque tweezers with
magnetic microspheres. OTW substantially outperforms its magnetic counterparts in
terms of spatiotemporal resolution, as long as drift in the setup is not dominant. The
chapter concludes with a set of informative advice on selection of particle size and
trapping stiffness in single-molecule experiments, and their effect on achievable
measurement precision and temporal resolution.

In Chapter 6, the development of the SODA microfluidic device is introduced.
It presents protocols to fabricate gold nanostructures to confine and anchor DNA
molecules, microfluidic channels made of transparent and flexible polymer block
(PDMS), and final microfluidic devices. A surface functionalization strategy is also
shown for selective binding of DNA molecules in a predefined array. The size of the
gold nanobarriers is optimized to increase the probability of tethering only single DNA
molecules, which is crucial for observing protein-DNA interactions without
interference from other DNA molecules. As a proof-of-concept for the SODA device,
the loading of DNA-binding proteins (Rad51) onto single DNA strands is
demonstrated. A modified SODA device that can be integrated with magnetic tweezers
is also presented, which is expected to permit precise force control in addition to the
high-throughput direct visualization capability.

Chapter 7 presents the overall summary of this thesis and further
improvement points for a more straightforward, efficient, and wide-spread use of both
OTW probes and the SODA microfluidic device. For OTW, potential uses of differently
shaped birefringent particles, possible fabrication methods for an improved cleaving
of nanocylinders and for a mass-production of birefringent nanoparticles, and
recommendations for improved implementations of OTW setup are discussed. In
addition, several alternative routes towards top-down fabrication of highly-
birefringent particles, either from crystals with different optic axis orientation or
multi-layered dielectric metamaterials, are introduced with the preliminary results.
For SODA, potential routes to the fabrication of more easily replicable devices are
suggested.



Samenvatting

Het is al mogelijk om met enkele molecuul instrumenten diepgaand biofysisch onderzoek te
doen naar het fysische gedrag van biomoleculen en cellulaire machines, die de motor zijn
achter belangrijke cellulaire processen zoals transcriptie, replicatie, translatie, homologe
recombinatie en DNA reparatie. Er blijven echter talloze biologische vragen onbeantwoord;
een voortdurende ontwikkeling van nieuwe technieken en juiste instrumenten is vereist om
de biologie op de nanoschaal verder te kunnen onderzoeken. Meer geavanceerde
instrumenten leiden tot een snellere onthulling van veel cruciale biologische
werkingsmechanismen en zo uiteindelijk tot een verbetering van de gezondheidszorg en de
geneeskunde. Dit proefschrift beschrijft in de eerste plaats de technologische vooruitgang
in de kracht-/krachtmoment-spectroscopie van individuele biomoleculen en in de tweede
plaats de fluorescentie-metingen aan vele biomoleculen tegelijkertijd.

Kracht-/krachtmomentspectroscopie is geschikt voor het beantwoorden van
vragen betreffende geavanceerde mechanische eigenschappen en snelle dynamica van
individuele biomoleculen, zoals nucleinezuren en eiwitten. Er zijn verschillende kracht-
/krachtmomentinstrumenten, waaronder het optisch pincet, het magnetisch pincet en de
atoomkrachtmicroscoop. In dit proefschrift is het optisch pincet gekozen voor verdere
ontwikkeling, omdat deze techniek momenteel de techniek is, die de snelste en meest
nauwkeurige metingen aan kleine krachten en momenten op individuele biomoleculen
mogelijk maakt.

Controle over de polarisatie van licht, en daarmee over de overdracht van optische
impuls, biedt een ongeévenaarde methode voor het nauwkeurig uitoefenen en meten van
krachtmoment. Het optisch pincet uitgebreid met een dergelijk krachtmoment-
functionaliteit wordt gewoonlijk aangeduid als optische moment-sleutel. Met de
mogelijkheid tot het nauwkeurig uitoefenen en meten van zowel kracht als krachtmoment
heeft de optische momentsleutel een groot potentieel om een verfijnd beeld te geven van
het mechanische gedrag van biomoleculen. Krachtmoment kan niet worden gemeten in de
conventionele optische krachtspectroscopie en zodoende is er nog steeds een groot niet-
verkend terrein voor deze techniek. Het is bijvoorbeeld bekend dat opgebouwd
krachtmoment een belangrijke rol speelt in cellulaire processen rondom transcriptie en
replicatie, maar tot nu toe is onderzoek naar dergelijke mechanismen nog verre van een
routinekwestie vergeleken met het onderzoek naar krachtgerelateerde mechanismen.

De afgelopen decennia zijn er continu verbeteringen geweest aan het optisch pincet
en de optische momentsleutel, zowel wat betreft de configuratie van de optische opstelling
als het ontwerp van de optische probe. Aangezien de meest gebruikte implementatie een
optisch pincet met enkele laserstraal is, waarvan de hardware al behoorlijk gecompliceerd
is, zal dit proefschrift zich richten op het gebruik van een nieuw probemateriaal en niet op
het verbeteren van spectroscopische componenten van de opstelling. Het voorgestelde
materiaal is monokristallijn rutiel TiOz en de toepassing hiervan als probe wordt grondig
onderzocht.
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Dit proefschrift bestrijkt alle aspecten van de voorbereiding tot het gebruik van
monokristallijn rutiel TiOz nanodeeltjes. Dit materiaal was voorafgaand aan dit proefschrift
nog niet eerder als optische probe gebruikt, gedeeltelijk vanwege de bekende moeilijkheden
bij het etsen en coaten van TiOz. Deze uitdagingen zijn in dit proefschrift overwonnen door
de ontwikkeling van een top-down nanofabricatie-protocol en een geoptimaliseerde
oppervlaktefunctionalisatie en bioconjugatie-strategie. Een andere uitdaging in het gebruik
van TiO2 is de moeilijkheid bij het stabiel vasthouden van TiO: in een optische val in alle drie
dimensies. Dit komt door de hoge brekingsindex van TiO2. Dit probleem wordt in dit
proefschrift opgelost door gebruik te maken van een cilindrische deeltjesgeometrie en van
afmetingen die geoptimaliseerd zijn voor zowel het krachtig optisch vasthouden als een
maximale overdracht van optisch krachtmoment. Dit optimale resultaat is geverifieerd door
zowel experimenten in de optische momentsleutel als numerieke berekeningen gebaseerd
op de eindige-elementmethode. Met deze ontwikkelingen is het bereik van het uit te oefenen
krachtmoment en de rotatiefrequentie uitgebreid met orde(n) van grootte. Naar
verwachting zal dit de volledige karakterisering van krachtige biologische rotatiemotoren,
zoals de bacteriéle flagellaire motor, mogelijk maken. Tegelijkertijd biedt zijn maximale
efficiéntie van krachtmomentoverdracht bij kleine deeltjesgrootte een aanzienlijk
verbeterde precisie en tijdresolutie in krachtmoment- en hoek-metingen, zoals bewezen
door Allan deviatie-analyse die gebruikt wordt voor het onderzoeken van subtiele dynamica
van verscheidene biomoleculen. Tegelijkertijd maakt zijn hoge brekingsindex ook een
verbeterde prestatie van de krachtprobe mogelijk waardoor een grotere maximale kracht
kan worden uitgeoefend met een verbeterde spatio-temporele resolutie. Nanocilinders van
monokristallijn rutiel TiO: zijn dus uniek in de zin dat ze zowel grote krachten als grote
krachtmomenten kunnen overdragen. Daarmee integreren ze de voordelen van eerder
ontwikkelde overdragers en presteren ze zelfs nog beter.

Vervolgens wordt de ontwikkeling van een fluorescentiemicroscopietechniek met
een hoge doorloop gepresenteerd. Deze microscopietechniek kan de kracht-
/krachtmomentspectroscopie aanvullen. Hoewel de optische momentsleutel een precieze
kwantificering biedt van kracht en krachtmoment (en hun geconjugeerde variabelen, positie
en hoek) bij hoge spatio-temporele resolutie, is het beperkt door de lage doorloop, omdat
het slechte één enkel biomolecuul tegelijkertijd meet. Hetzelfde geldt voor verschillende
andere hoogwaardige mechanische spectroscopietechnieken, zoals het optisch pincet en de
atoomkrachtmicroscoop. Bepaalde biologische vragen kunnen alleen beantwoord worden
na het meten en analyseren van grote datasets, om zo een algeheel statistisch gedrag
diepgaand te kunnen onderzoeken met behoud van individueel moleculair gedrag. De
enkele-molecuulinstrumentatie met hoge doorloop is eerst ontwikkeld in veelvoudige
magnetische (krachtmoment-)pincetten, akoestische krachtspectroscopie en centrifugale
krachtmicroscopie. Hoewel ze een multiplexcapaciteit hebben, onderzoeken ze de
biomoleculen in principe indirect. Specifiek voor het onderzoeken van de dynamiek van
eiwit-nucleinezuurinteracties is directe visualisatie van verschillend gelabelde
biomoleculen op basis van fluorescentie echter nuttig om meer eenvoudige en
onbevooroordeelde ruimtelijke informatie te verkrijgen.

De DNA-gordijn-techniek combineert een hoge doorloop met een directe
visualisatiecapaciteit. De beweging van een groot aantal gelabelde biomoleculen kan in real-
time worden gevolgd met behulp van fluorescentie. Het is een zeer toegankelijk platform
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vanwege zijn ongecompliceerde koppeling aan fluorescentiemicroscopie en veel minder
gecompliceerde experimentele configuraties. Het heeft zijn potentieel bewezen in
onderzoek naar vele belangrijke biofysische processen zoals homologe recombinatie en de
organisatie van chromosomen. Dit proefschrift laat de voorlopige resultaten zien om een
geoptimaliseerd DNA-gordijnplatform te ontwikkelen. Dit platform wordt aangeduid als
“stretched and oriented DNA arrays” (SODA, uitgerekte en georiénteerde DNA rijen). Deze
techniek is specifiek ontworpen voor grote eukaryote eiwitcomplexen zoals het replisoom.

Hoofdstuk 1 geeft een algemene inleiding op het gebied van biofysisch onderzoek
en enkel-molecuulinstrumentatie, terwijl Hoofdstuk 2 een overzicht geeft van de methoden
(optica, nanofabricage en oppervlaktefunctionalisatie) die in de volgende hoofdstukken
worden gebruikt. In Hoofdstuk 3 wordt een nieuw top-down nanofabricatieprotocol
gepresenteerd, waarin monokristallijn rutiel TiO2 nanodeeltjes geétst worden met een
plasma van reactieve fluorhoudende soorten. Met dit protocol kan een groot aantal
nanodeeltjes worden gefabriceerd met een hoge geometrische uniformiteit in een gewenste
vorm en afmeting. Een strategie voor oppervlakte-functionalisering met behulp van
epoxysilaan-linkers wordt ook gepresenteerd en het succesvolle gebruik ervan wordt
aangetoond door bioconjugatie met diverse biomoleculen en behoud van monodispersiteit
in fysiologische buffers. Door beide ontwikkelingen te combineren was het mogelijk om het
strekken en opwinden van enkele DNA-strengen in de optische momentsleutel succesvol te
demonstreren.

Hoofdstuk 4 toont het eerste diepgaande onderzoek naar het lineaire en hoek-
gerelateerde gedrag van monokristallijn rutiel TiO2 nanocilinders gevangen door een
optische momentsleutel. Door het fabriceren en meten van meerdere partijen nanocilinders
van verschillende grootte, wordt het bereik van diameter en hoogte gevonden waarbij het
deeltje krachtig gevangen wordt door enkele gefocuste laserstraal. Ook wordt de
toepasbaarheid van een groot krachtmoment (1-10 nN-nm) en hoge rotatiefrequentie (1-
10 kHz) in waterige omgevingen bij slechts een schappelijk laservermogen (< 100 mW)
aangetoond. Bovendien wordt er kort een verbeterde fabricagemethode voor de vorming
van chroometsmaskers geintroduceerd, die een betere controle over zijwandhoeken
mogelijk maakt voor een groot bereik aan nanocilinderafmetingen. Tegelijkertijd is met
behulp van Allan deviatieanalyse aangetoond dat de fysieke grootheden van deze
nanocilinders, die gemeten kunnen worden met de optische momentsleutel, een hoge
meetprecisie bereiken die geschikt is voor biomoleculaire metingen (~1 pN kracht, ~1
pN-nm krachtmoment, ~1 nm positie en ~1° hoek) bij (sub) milliseconden tijdresolutie.
Deze resultaten kunnen worden voorspeld door middel van eindige-elementenanalyse
gebaseerde numerieke berekeningen van elektromagnetisme en hydrodynamica, die nuttig
zijn bij het ontwerp van probes met aangepaste fysieke eigenschappen.

In Hoofdstuk 5 worden de theoretische achtergrond en het experimentele bewijs
van de toepasbaarheid van Allan deviatie-analyse op de rotatiebeweging voor het eerst
gepresenteerd en diepgaand besproken. Ook wordt de prestatie van de optische
momentsleutel met monokristallijn rutiel TiO2 nanocilinders vergeleken met die van het
(elektro-)magnetische krachtmomentpincet met magnetische micro-bolletjes. De optische
momentsleutel presteert aanzienlijk beter dan zijn magnetische tegenhangers wat betreft
de spatio-temporele resolutie, zolang de drift in de opstelling niet dominant is. Het
hoofdstuk wordt afgesloten met een reeks informatieve adviezen over de selectie van
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deeltjesgrootte en stijftheid van de optische val tijdens experimenten met één enkel molecuul
en het effect van die deeltjes op de haalbare meetnauwkeurigheid en tijdresolutie.

In Hoofdstuk 6 wordt de ontwikkeling van het SODA microfluidische apparaat
geintroduceerd. Het hoofdstuk presenteert protocollen voor het fabriceren van gouden
nanostructuren om DNA-moleculen te beperken en te verankeren, microfluidische kanalen
gemaakt van transparant en flexibel polymeerblok (PDMS) en uiteindelijke microfluidische
apparaten. Een strategie voor oppervlaktefunctionalisatie wordt ook getoond voor
selectieve binding van DNA-moleculen in een vooraf gedefinieerde locatie. De grootte van
de gouden nanobarrieéres is geoptimaliseerd om de kans op het binden van één enkele DNA-
molecuul te vergroten, wat cruciaal is voor het waarnemen van eiwit-DNA-interacties
zonder interferentie van andere DNA-moleculen. Als een proof-of-concept voor het SODA-
apparaat wordt het laden van DNA-bindende eiwitten (Rad51) op afzonderlijke DNA-
strengen gedemonstreerd. Een gemodificeerd SODA-apparaat, dat kan worden geintegreerd
met een magnetische pincet, wordt ook gepresenteerd, waarvan wordt verwacht dat dit een
nauwkeurige krachtregeling mogelijk maakt naast de direct visualisatie met hoge doorvoer.

Hoofdstuk 7 presenteert de algehele samenvatting van dit proefschrift en verdere
verbeterpunten voor een meer eenduidig, efficiént en wijdverbreid gebruik van zowel
optische momentsleutel-probes als het SODA microfluidische apparaat. Voor de optische
momentsleutel worden mogelijke toepassingen van dubbelbrekende deeltjes met
verschillende vormen besproken. Verder worden mogelijke fabricagemethoden besproken
voor een verbeterde splitsing van nanocilinders en voor de massaproductie van
dubbelbrekende nanodeeltjes. Ook worden er aanbevelingen gegeven voor verbeterde
implementaties van de optische momentsleutel-opstelling. Daarnaast worden er
verschillende andere manieren voor het top-down fabriceren van sterk dubbelbrekende
deeltjes geintroduceerd met de bijbehorende voorlopige resultaten. De deeltjes worden dan
gefabriceerd uit kristallen met verschillende optische as-oriéntatie of uit diélektrische
metamaterialen bestaande uit meerdere lagen. Voor SODA worden mogelijke manieren
voorgesteld voor het fabriceren van apparaten die gemakkelijker te repliceren zijn.
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