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Supervisor’s Foreword

This work describes a breakthrough in optical microscopy in terms of sensitivity
and the application of the resulting novel capabilities to a broad range of questions
in nanoscience. Microscopy, by definition, is concerned with visualising structure
and dynamics on ever decreasing length and timescales. With that comes a need for
increasing both temporal resolution and sensitivity with the clear goal of visualis-
ing, and thereby studying matter down to the single molecule level. This hurdle was
initially taken almost three decades ago in cryogenic environments and has sub-
sequently evolved into an almost standard methodology with far-reaching appli-
cations. Prior to the work of Dr. Ortega-Arroyo, optical detection of single
molecules has been exclusively limited to resonant detection of chromophores with
large absorption cross sections and strong light matter interactions. In this work,
Dr. Ortega-Arroyo demonstrates that interferometric scattering microscopy
(iSCAT) is capable of detectingand tracking single proteins in solution, and he then
applies this unique level of sensitivity to both ultraprecise and rapid single-particle
tracking, as well as monitoring self-assembly relevant to the origin of life.

The difficulty associated with detecting single molecules optically without
relying on fluorescence comes down to a combination of the discrepancy in
physical size of biomolecules, the diffraction limit, and the need to identify the
molecule of interest on top of a very large background caused by the environment.
The status quo, until this work, has been that it would be impossible to detect single
biomolecules with light scattering alone, partially due to the very small signals
observed using extinction in previous studies of dye molecules. What
Dr. Ortega-Arroyo has shown here, is that, possibly surprisingly, single protein
molecules can produce an imaging contrast on the order of a tenth of a percent
of the reflected light intensity in an inverted microscope, and that such a signal can
be readily detected. The work presented in Chap. 6 I believe, will become an
important landmark in optical microscopy, not necessarily because of what was
learned about the molecular motor myosin 5a, but because of its implications of
what one can study with light.
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Dr. Ortega-Arroyo then demonstrates the versatility of scattering, rather than
fluorescence-based detection with single-molecule sensitivity. On the one hand, he
shows that it can be used to achieve either very high-speed (Chap. 4) or very high
precision (Chap. 5) single particle tracking of very small metallic nanoparticle
labels. Importantly, it is the improved imaging capabilities that provide key
information on how lipids communicate across bilayer membranes and the
molecular mechanism behind the remarkable processivity of myosin 5a. On the
other hand, Dr. Ortega-Arroyo pushes the sensitivity of the technique even further
to directly detects objects as small as single micelles consisting only of a few
hundred lipid molecules (Chap. 7) and thereby performs in-situ monitoring of an
autocatalytic process relevant to the origin of life and subsequent assembly
processes.

This work represents a detailed account of the first label-free detection of single
biomolecules in solution and presents a variety of examples of what these capa-
bilities may enable in terms of studying biological and chemical systems. As such,
the impact of this work will not be limited to those interested in developing more
powerful microscopes, but equally to those who are looking for novel methods to
enable measurements that are currently difficult or impossible to do. I am delighted
to see it published in the Springer Thesis series.

Oxford, UK Prof. Dr. Philipp Kukura
January 2018



Abstract

The advent of single-particle tracking and super-resolution imaging techniques has
brought forth a revolution in the field of single-molecule optical microscopy. This
thesis details the development and subsequent implementation of the technique
known as interferometric scattering microscopy as a novel single-molecule tool to
study nanoscopic dynamics and their underlying potentials. Specifically, Chap. 2
lays out the theoretical framework and draws comparisons between this technique
and other state-of-the-art single-molecule optical approaches. Chapter 3 provides a
detailed description for the design and implementation of an interferometric scat-
tering microscope including alignment, instrumentation, hardware interfacing,
image processing and respective characterisation to achieve the highest levels of
performance. The following two chapters use model systems, namely the diffusion
of receptor GM1 in a supported lipid bilayer and the movement of molecular motor
myosin 5a, to demonstrate the intrinsic shot-noise-limited nature of the technique,
its ability to decouple the temporal resolution from localisation precision, and
highlight the importance of taking both parameters into consideration when
drawing conclusions about the dynamics of each model system. Chapter 6 provides
a proof-of-concept study on the limits of sensitivity and demonstrates for the first
time the all-optical label-free imaging, detection and tracking of a single protein. In
the last chapter, interferometric scattering microscopy is used to quantitatively
study dynamic heterogeneous systems in situ at the single-particle level and thus
serves as a proof of principle for future label-free studies beyond the realms of
biophysics.
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channel. Ray tracing diagrams indicate total-internal-reflection
at different positions of the coverslip. Vertical arrows: axial
displacement; Horizontal arrows: corresponding axial

displacements detected in the feedback channel .............

Characterisation of the photon response of the camera. a
Noise contributions present in the difference between two
evenly illuminated images offset in time by At. Scale bars: 2
pm. b Photon transfer curve obtained by calculating the
variance in signal from differential images taken at different
illumination intensities. Solid line represents the best fit to a
straight line. ¢ Same curve as in (b) but shown in log-log form
to highlight the read-out and shot-noise dominant regions

of the camera. Dotted lines refer to the pure read-out noise

and shot noise contributions . . ..........................

Concept of AOD synchronisation and beam scanning
illumination. a Triggering sequence for AOD synchronisation
with respect to the camera frame time. The AODs only scan
while the camera is exposing, and do so at slightly different
frequencies. b Resulting scan pattern across the sample during

a SINGIe EXPOSUIE . . . .\ ottt e

Basics of ring-buffer data acquisition. Schematic illustrating
acquisition of data via a ring buffer of 16 elements. In a normal
execution, each new frame is mapped to a position within the
ring. Once the whole list is full, the next frame will overwrite
the first element in the ring buffer and so forth. In the case of
frame binning, frames are written in blocks of size determined
by the frame bin, which for the above diagram is four. The
advantage of frame binning is that the acquisition and

subsequent reading of the data is sped up. .. ...............

Verification for continuous high-speed data acquisition.

a Input and retrieved beating pattern from a beam scanned
sinusoidally in one dimension at a frequency of 2000 Hz
with a 70% sinusoidal amplitude modulation at a frequency
of 200 Hz. b Fast Fourier transform of the retrieved time trace
showing the input frequencies of 2000 and 200 Hz and their
respective harmonics. ¢ Intensity map obtained by dividing
the beating time trace into evenly spaced 1 ms segments.
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Flat-field correction. a Raw, median and median-divided
iSCAT images. The raw iSCAT image displays an
inhomogeneous baseline due to uneven illumination and other
background sources. b Kymographs of x- and y-cuts through
the image recorded as the sample is translated left to right.
Both display stripes, which are indicative of
sample-independent background contributions. Scale bars: 1
pm. ¢ Division of the raw (orange) by the median (blue)
drastically reduces the image background as illustrated for a
horizontal cut marked in (a). d Removal of additional
large-scale features due to slowly varying fluctuations by

pseudo flat-fielding. Scale bars: S pum. ....................

Removal of the static background. a Concept of dynamic
imaging: An image containing purely stationary iSCAT
features, obtained by taking the median or averaging over a
sequence containing M iSCAT images, is subtracted from the
raw image sequence to yield a set of images containing only
mobile features. The resultant images with mobile features can
then be averaged in N bins, to increase the SNR. Note the
30-fold reduction in the intensity scale of the final image.
Sample type: actin filaments immobilised on a glass surface
with processive myosin 5a molecules in the presence of
ATP. b Concept of differential imaging: sets of images offset
by a time Ar are subtracted to yield differential images that
contain features that only appeared within the said time
interval. These differential images are also averaged to increase
the SNR. Sample type: deposition of a-synuclein monomers

onto a bare glass coverslip. Scale bars: 1 pm...............

Determination of the nominal localisation precision.

a Flat-field corrected iSCAT image of 20 nm gold
nanoparticles immobilised on a glass coverslip. Small
variations in the background signal that move together with
sample displacements correspond to imperfections of the
substrate. b The top trace shows the fitted position of both gold
nanoparticles as a function of time. The modulation in both
traces is caused by vibrations extrinsic to the sample. The
bottom trace shows the fluctuation in the distance between the
two nanoparticles as a function of time. ¢ Localisation
precision as a function of illumination intensity for 40 nm gold
nanoparticles. An increase in illumination intensity allows
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higher localisation precision for a given exposure time. The
solid line shows the expected behaviour for a shot

noise-limited process. . ... ........ .

Concept of self-referencing via image cross-correlation. a
Workflow diagram to track the position of the entire image,
which serves as the reference signal. First, an image taken at #,,
the kernel, is cross-correlated (%) with a test image taken at
t + iAt, where Az corresponds to the measurement frame time.
This produces an intensity map with a maximum
corresponding to the total displacement between the two
images. Next, the total displacement is determined by finding
the centre of mass of the maximum, thus providing a single
point in the positional time-series. Finally, this process is
repeated for all images within a dataset. b Representative
example of the position time-series of a particle in (a) before

and after self-referencing ............... ... ... ... .. ...

Classification of the types of motion by the mean-squared
displacement. Representative trajectories and corresponding
MSD curves for the different types of motion a single molecule
can exhibit: super-diffusive (orange), normal Brownian (black),

anomalous sub-diffusive (blue) and confined (purple)...........

Anomalous sub-diffusion of GM1 in supported lipid
bilayers on glass substrates. a Representative interferometric
scattering image of 40 nm AuNP/CTxB conjugates diffusing
on a supported lipid bilayer. Shaded green region indicates the
relative size difference between the wide-field-of-view and
high-speed imaging modalities of iISCAT performed in these
experiments. Scale bar: 5 um. b Corresponding interparticle
separation fluctuations between two 40 nm AuNP/CTxB
conjugates after subtraction of the average value for two
different incident illumination intensities. The localisation
precision is assessed as the spread in the fluctuations and
calculated as ¢/2'/2. ¢ Sample trajectory of 40 nm
AuNP/CTxB/GM1 on glass recorded at 50,000 frames/s and
with more than 2 x 10° data points. Scale bar: 200 nm.

d Time-dependent mobilities for 20 and 40 nm
AuNP/CTxB/GM1 on glass. Open circles represent the mean
taken of all acquired trajectories, and the red lines the standard
deviation resulting from inhomogeneous broadening. Grey
shaded out regions denote the typical time-scales probed by
fluorescence SPT experiments. Dotted green line: macroscopic
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diffusion coefficient measured by fluorescence correlation

spectroscopy. Number of data points per trajectory: 1 x 103 ..

Analysis of transient binding events. a Examples of
individual transient confinement events for 40 nm AuNP/GM1
complexes for the two main populations observed: Gaussian
and ring-like. b Spatial probability maps and corresponding
cross-sections for the Gaussian-like (228 events) and ring-like
(93 events) populations at 0.03% GM1 on glass. Scale bars: 15
nm. ¢ Representative time-trace of a ring-like event showing
several binding sites in polar coordinates, only the angle is
show for clarity. Thin black line: average angular position

of the binding sites detected by change-point analysis . . ... ..

Transient binding model for CTxB in supported lipid
bilayers. Schematic of the tracking assay during a transient
binding event drawn to scale for a 20 nm AuNP. The curved
arrow indicates the achievable nanoscopic rocking motion

of the label and the dashed lines the achievable fluctuations in
the centre of mass of the label even for a completely

immobilised CTxB . .. ......... ... ... ... ... ... ......

Concentration dependent dynamics of GM1
immobilisation. a Top panel: Radial probability density plots
and corresponding fits to a Rayleigh distribution for all
confinement events recorded at 0.03% and 1.0% nt-GM1
concentrations, respectively. Total number of data points for
each distribution: 2 x 10°. Bottom panel: Concentration
dependent plot of the residuals in the fit to a Rayleigh
distribution. b Average change in confinement size as a
function of nt-GM1 concentration for Gaussian-like
confinement events. The confinement size is evaluated as the
full-width-at-half maximum. Error bars denote the standard

deviation in the average confinement size. . ...............

Tuning the degree of transient confinement. a Sample
trajectories and time-dependent mobilities of 40 nm
AuNP/CTxB/nt-GM1 on mica (red) and 40 nm
AuNP/CTxB/DO-GM1 on plasma cleaned glass (black). Blue
shaded region on each molecular structure of GM1 analogues
denotes the common sugar head group. Data points per
trajectory: 2 x 10*. Scale bars: 100 nm. b Confined fraction as
a measure of transient confinement and anomalous diffusion
for different GM1 concentrations and control experiments:
synthetically modified GM1 (DO-GM1) on glass, DPPE with a
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biotin/streptavidin linker in the presence of nt-GMI1 on glass,

and nt-GM1 on freshly cleaved and plasma-cleaned mica . . . ..

Effect of localisation precision on transient binding.

a Example trace of a 40 nm nt-GM1/AuNP complex diffusing
on a plasma-cleaned glass supported lipid bilayer. Black:
original trace taken with 1.2 nm localisation precision. Red:
same trace but with 15 nm Gaussian noise added. b Same trace
as in (a) subjected to hop-diffusion analysis different colours
highlighting the different compartments identified. Imaging

rate: 50,000 frames/s. Data points: 1 x 105, ................

Myosin 5 activity labelled with 20 nm gold nanoparticles at
the N-terminus. a Representative image of the assay
consisting of 20 nm gold particles attached to the N-terminus
of myosin as they translocate along actin filaments. Arrows
indicate the position of the acto-myosin complexes.

b Comparison of myosin 5 activity recorded in this work with
previous single molecule studies. Black circles: this study.
Symbols are defined as: Purple rectangle, [4] Grey squares, [6]
Dark blue square, [9] Orange triangle, [40] Pink circle, [41],

Red open squares [39] . ...... ... ... ...

Two states of the motor domain observed during myosin
movement. a Sample 2D trajectories for a 20 nm gold particle
immobilised on the surface and attached to the N-terminus of
myosin 5a. The arrow indicates the direction of myosin
movement. b The same trajectory depicted as distance
travelled vs time and corresponding contrast. Two distinct
states (A and B) of the bound head can be clearly observed
(black arrows). Standard deviations are given to compare both
fixed (blue) and myosin attached particles (black). The brief
reduction in iISCAT contrast coincides with 74 nm steps taken
by the labelled head (red vertical lines). The behaviour of a
non-specifically surface-bound 20 nm gold particle that is
completely immobilised is shown for comparison (blue traces
in upper portion of panel b). Repeated localisation of the
particle throughout suggests a nominal sub-nm lateral
localisation precision and a constant scattering contrast. ATP
concentration: 10 uM. Scale bar: 20 nm. Imaging speed: 100
frames/s. ¢ Step size histograms for post to pre-power stroke
and post to post power stroke states. Data was collected at
100 Hz and 10 uM ATP, using 20 nm diameter gold
nanoparticles. Number of steps analysed: 554. d The positional
fluctuations of the A and B states presented as histograms of
lateral localisation precision, ¢, show no measurable difference

in mechanical stability of the two states . . . ................
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Three-dimensional interferometric tracking of the myosin
head. a Distance trace (upper panel) with the simultaneously
recorded iSCAT contrast (lower panel). The red subset of the
traces corresponds to the unbound head state. Inset: schematic
illustrating how the difference in optical path difference for the
bound (z-bound) and unbound (z-unbound) state leads to

changes in iSCAT contrast due to the interference of the

reflected (E-reflected) and scattered (E-scattered) electric

fields. b Normalised histogram of the average iSCAT contrast
while the head is in the transient state (red, N = 329) or bound
to actin (black, N = 303). ATP concentration: 10 uM. Imaging

speed: 1000 frames/s ... ....... ... .. .. ...

Simultaneous iISCAT and fluorescence tracking of myosin
5a. a Tracking of the scattering signal from the gold
nanoparticle attached to the N-terminus (black) and
fluorescence signal from the GFP moiety located at the
C-terminus of the same myosin 5a molecule (green).
Movement of the tail correlates with the labelled head taking
its step (74 nm displacement) and with the AB transition
(power stroke of the labelled head). Green arrows represent the
tail movement, which corresponds to the step of either the
labelled or unlabelled head. When the unlabelled head takes its
step it coincides with the AB transition within the labelled
head (red arrows). Static localisation precisions as previously
determined correspond to: 1.6 nm (iSCAT), 8 nm (GFP).

b Labelling scheme and schematic of the stepping mechanism
and the corresponding observables. ATP concentration: 1 puM.

Imaging speed for both channels: 20 frames/s ..............

Identification of the pre- and post-power stroke states via a
change-point detection algorithm. a Representative distance
time trace for each dimension and corresponding 2D-projection
of a step pair where the elapsed time has been encoded using a
colour gradient. A change-point between state A and B was
assigned when a trajectory showed a spatially separated position
at a given time point with respect to the centre of mass of state A.
b Dwell time distributions for pre- and post-power stroke states at
different ATP concentrations. In all cases, data and fits for
pre-power stroke state are shown in red; data and fits for the
post-power stroke state are shown in blue. At saturating (1 pM)
ATP concentration (a) both dwell time distributions exhibited
single exponential behaviour in line with ADP release being
the rate-limiting step. The constants for the A state dwell times
are given by k4 and that for the B state by kg. At lower ATP
concentrations, sequential ADP release and ATP binding result
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in bi-exponential behaviour. At 10 uM ATP (b), both kinetic
constants, k4, kg, are almost identical therefore the dwell time
distribution is fit to two sequential process with the same rate
constant (termed k4 for the dwell time of the A state and kg for
that of the B state. ¢ At 1 uM ATP the process is limited by
ATP binding. Data taken at 100 frames/s and increased to

400 Hz for 1 pM ATP concentration assays. Total number of
steps recorded: 110, 245 and 104, for 1 pM, 10 uM and 1 uM

respectively. . ... ...

Conformational change within the N-terminal domain
during the power stroke. a Histograms for the distances
between A and B states for 20, 30 and 40 nm gold nanoparticle
labels located at the N-terminus and corresponding spatial
probability density maps. Total number of steps recorded: 124,
103 and 116, respectively. b Expected movement for two
differently-sized labels attached to myosin 5a during a
conformational change in the head domain associated with the
power stroke. The red circle represents the position of the label
in the A state, and the grey circle corresponds to the B state
with dots indicating their respective centres of mass. The labels
ry and r, correspond to the radii of both labels where r, = 2ry,
and d, and d, correspond to the AB distance after rotation by
an angle 0 about an origin located at a distance x from the
nanoparticle surface. The myosin 5a head domain pre-power
stroke conformation is shown in orange (PDB: 1W7J). The
lever arm is pointing out (shown in dark blue) and the blue

arrow indicates its movement during the power stroke. ... .. ..

High-speed nanometric tracking of myosin 5 with
interferometric scattering (iSCAT) microscopy. a Distance
travelled as a function of time for a single myosin 5 molecule
biotinylated at the N-terminus and labelled with a 20 nm
streptavidin-functionalised gold particle. The lateral
localisation precision, o, defined as the standard deviation

of the positional fluctuations of the label while bound to actin
is given above each of the actin-attached periods. Inset:
schematic of gold-labelled myosin 5 stepping along actin.

b Corresponding 2D-trajectory with the arrow indicating the
direction of movement. c—e Close-up of the transient states
indicated in (a) and (b). ATP concentration: 10 pM. Scale bar:

50 nm. Imaging speed: 1000 frames/s ....................

Characterisation of the transient state. a Representative
distance time series of a myosin 5 molecule, labelled with an
atto-647N/streptavidin conjugate at the N-terminus, tracked
using single molecule total internal fluorescence microscopy



List of Figures XXXi

Fig. 5.9

Fig. 5.10

Fig. 5.11
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concentration: 10 uM. Scale bar: 50 nm. Imaging speed: 100
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single myosin 5a. One head was labelled with a 20 nm
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Autocorrelation analysis of the transient state. a High speed
2D trajectory of a 20 nm gold particle attached to the
N-terminus of myosin 5a. Imaging speed: 10,000 frames/s.

b Representative on-axis position time-trace of a step-pair
from (a). Highlighted area corresponds to the the transient
state. ¢ Corresponding xy-projection of (b) with colours
indicating the before (blue), during (green) and after

(red) stages of the transient state. d Ensemble position
autocorrelation function from 37 transient state time-traces.
Solid line indicates the best fit to a single exponential function.
Scale bars: S0 nm. .......... ... ... 97
Dual colour iSCAT imaging of myosin 5. a Schematic of
myosin stepping along actin with different azimuthal
orientations relative to the actin filament. b 2D-trajectory of
myosin 5 stepping along actin recorded simultaneously with
445 nm (blue trace) and 635 nm (red trace) illumination.
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at 445 nm due to the major drop in scattering intensity.

¢ Corresponding iSCAT contrast as a function of time.
Although the contrast is large in the blue channel, it drops
much more significantly during population of the transient
state. d Zoom-in of the contrast behaviour during the transient
state from (c). ATP concentration: 10 uM. Scale bar: 50 nm.
Imaging speed: 1000 frames/s. . ......................... 100
Mechanism of the myosin step. a ATP binding to the trailing
head (yellow) and its detachment releases strain stored in the
molecule. b The bound head (black with a gold nanoparticle
attached) performs its power stroke which is accompanied by
the AB transition (inset). The labelled head becomes a new
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desired binding site while ATP hydrolyses. e The step
completes as the head binds actin and is repeated by the other
head in the same direction dictated by the initial torsional
strain. f Schematic representation of both heads’ movement
(lateral projection). . . ...t 102
Label-free detection of actin filaments. a Wide-field image
of unlabelled actin filaments immobilised on a coverslip. Scale
bar: 5 uM (black line). Marked cross-section: 11.5 pM (blue
line). b Magnitude of the interferometric signal from
individual actin filaments. Top panel: scheme illustrating the
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amount of material within a diffraction-limited area. Bottom
panel: Corresponding cross-section from (a) with blue
arrowheads marking the signal from three visible

actin filaments. . .. ... .. . L L L
Dynamic imaging of unlabelled myosin 5a. a Image
containing purely stationary iSCAT features obtained by
taking the median over a sequence of images of 500 frames.
b Time-averaged dynamic iSCAT image after subtraction

of the stationary features obtained from (a). Here 170 frames
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there is an order of magnitude decrease in the intensity-scale
from (a) to (b). Scale bars: 1 um (black line). Raw images
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Detection sensitivity of an iSCAT biosensor. a Horizontal
cross-section of a diffraction-limited spot detected in dynamic
imaging mode as a function of images averaged. The signal is
assigned to myosin 5a due to its processive nature,
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Consecutive imaging of myosin 5a by TIRF and iSCAT.
a Representative images of the same myosin 5a sample viewed
by total-internal fluorescence (top) and interferometric
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¢ Kymograph and fluorescence intensity time-series depicting
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level. a, b Run velocity and processivity at saturating ATP
concentrations (1 mM, n = 91). ¢ Run velocity kinetics as a
function of ATP concentration. The solid curve represents the

XXXiii



XXXV

Fig. 6.6

Fig. 7.1

Fig. 7.2

Fig. 7.3

Fig. 7.4

List of Figures

best fit to the kinetic model: V = ds/(1/k[ATP] + 1 /k,), where

ds represents the average step size assumed to be 37 nm, k; the

second order ATP binding rate constant and k, the first order
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Label-free single-particle tracking of myosin 5a. a Distance
travelled for single myosin 5a molecules with different

contrasts at 10 pM ATP concentration. Imaging speed: 25 Hz.

Inset: Step size distribution. b Corresponding localisation
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different molecules shownin (a). .. ...................... 120
Visualising physical autocatalysis by interferometric

scattering microscopy. a Diagram of the biphasic reaction of
aqueous MPC (orange) with neat water-insoluble

9-cis-octadene thiol (purple) carried out on a microscope
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above a critical concentration and acts as a physical

autocatalyst. Upon illuminating the sample with a coherent

light source, surfactant aggregates (hollow spheres) bound to
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surfactant aggregates together with that reflected at the
aqueous/coverslip interface, contribute to an interferometric

signal that is detected on a camera. b Representative image of

single micelles binding to the coverslip surface after

subtraction of the static scattering background. Scale bar: 2 pm

¢ Distribution of the iSCAT contrast for a solution containing
exclusively the surfactant aggregates. Inset: corresponding
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Imaging the progress of a chemical reaction. a Flat-field

corrected images of surfactant aggregates binding to the coverslip

over time. b Corresponding differential images of (a) after
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Extended bilayer formation. a Cartoon illustrating the

transition from nanoscopic micelles and vesicles to an

extended bilayer structure on the coverslip. b Flat-fielded

image time-series of the reaction between MPC and

9-cis-octene thiol after 20 min. Scale bars: 1 um............ 131
Single-molecule kinetics of physical autocatalysis.

a Super-resolution time-series emphasising the increase in

binding events over time in the highlighted area of Fig. 7.2c.
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b Characterisation of the kinetics of physical autocatalysis by
counting the number of binding events per unit time and area.
Data points with error-bars represent the average and
respective standard deviation of consecutive measurements
sampled once every six seconds. Solid lines: fits for sigmoidal
kinetics for the reaction between MPC and thiol, (blue/orange)
and the reaction between MPC and thiol seeded with surfactant
aggregates (purple). The seeded-reaction features an almost
immediate high reaction rate upon addition of the surfactant
aggregates. Solid black line and corresponding data points
refer to the negative control consisting solely of the thiol
starting material and an aqueous solution of Cs,COs. All
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Observation of physical autocatalysis in situ. a Illustration
of the assay to achieve direct and in situ imaging of the
reaction between MPC and a microscopic thiol droplet on the
coverslip. b Representative flat-fielded images showing the
progress of the reaction from left to right and then from top to
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corresponds to the thiol droplet. ¢ Super-resolution map of the
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of the bound surfactant product density, found within the
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Surface interactions lead to different mechanistic pathways
of product formation. a Cartoon depicting the geometry

of the assay where the thiol-water interface advances relative
to the aqueous solution. b Flat-field corrected, differential and
overlayed images of the advance of the thiol-water interface
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(grey) between the thiol (purple) and aqueous (orange) phases.
d Zoom-in of the region marked (c¢) depicting that the lamellar
phase is composed of lipid aggregates. e Corresponding
time-series images showing the spread of such an intermediate
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phase represented by the highly heterogenous intensity

distribution towards the middle portion of the frames.

f Dynamics of the lamellar phase. Left panel: static image

of the lamellar and aqueous phase on a glass substrate. Right

panel: same image after background subtraction reveals high

activity for the intermediate phase and none for the aqueous

phase. Scale bars: 1 um . ....... ... ... ... ... ... ... .... 136
Vesicle fusion events in the thiol phase. a Cartoon explaining

the complex phenomena observed in the bulk thiol phase.

b Fusion of small water-in-thiol droplets or reverse micelles

captured in an image-time series. Scale bars: 500 nm.

¢ Sequence of images illustrating the fusion of a small

water-in-thiol or reverse micelle with a large water-in-oil

droplet. Scale bars: 1 um .. ............. .. ... .. ... ... 138



Chapter 1 ®)
Introduction Check for

Irrespective of the length- and time-scales, the interactions between an object and
its surroundings shape the potential energy surface of the system, which in turn
determines the type of motion the object exhibits. The search to understand the
dynamics of a system, that is to characterise the type of motion and the origin of the
interactions that give rise to said behaviour, has brought disciplines as dissimilar as
astrophysics and cell biology together. Although the dynamics of a system are most
commonly characterised at the ensemble level, the presence of local heterogeneity
and thus the likelihood for different interactions pose the scenario that two identical
objects may behave very differently. If this is so, a natural question arises: how
closely can ensemble measurements capture the dynamics specific to each system,
especially considering that local environment changes are known to produce complex
behaviour and even regulate the outcome of a process [1]?

The advent of single-molecule approaches has brought upon a revolution in the
last few decades across the fields of life sciences and condensed matter physics due
to two major reasons [2]. Firstly, measurement of nanoscale phenomena once hidden
by ensemble-averaging has not only become feasible but also routine. Secondly,
numerous systems simply cannot be investigated by ensemble methods, such as self-
assembly processes, mechanisms of motor protein translocation, and complex phase
transitions at the nanoscopic scale [3, 4].

Several approaches exist to investigate dynamics at the single-molecule level.
One way to categorise them is according to how the single-molecule is detected,
i.e. into forced-based and optical-based techniques. Forced-based techniques rely on
applying or measuring the change in position due to an applied force. The three
most common force-based techniques are optical tweezers [5], magnetic tweez-
ers [6] and atomic force microscopy (AFM) [7]; however other more recent vari-
ants like centrifugal-force microscopy [8] have also been developed. All three have
distinct advantages and limitations, for instance optical tweezers can access sub-
ms temporal resolutions with base-pair resolution (0.34 nm), sufficient to visualise
DNA polymerase moving by a single base-pair [9]. Magnetic tweezers cannot only
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achieve similar temporal resolution and spatial precision, but also report on rota-
tional forces and torque [10]. However, such high temporal resolution and spatial
precision come at the expense of large-sized labels (>500nm) and limited through-
put [11]. Complementary to optical and magnetic tweezers, atomic force microscopy
requires no labels and can truly achieve atomic resolution as recently shown by a
study where the secondary structure of DNA was resolved [12]. Although high-speed
AFM has been achieved experimentally [13], its temporal resolution is far less than
that achieved by optical and magnetic tweezers. Furthermore, AFM is still a rather
invasive technique, as the interactions between the probe and the sample cannot be
fully neglected.

In terms of optical-based approaches, i.e. techniques that rely on light to excite and
detect single molecules, the investigation of single-molecule dynamics has been dom-
inated by light microscopy, and thus we will focus exclusively on them in this thesis.
The origin of single molecule light microscopy dates back to the seminal experiments
by Moerner and Kador, who detected individual molecules at low temperature in a
solid by absorption [ 14]. In its inception, the experiments were performed at very low
temperatures to increase the interaction strength between light and matter, which in
turn narrowed the line-width due to the exclusive population of the lowest vibrational
and rotational levels. This work was quickly followed by another low-temperature
experiment by Orrit and coworkers, but in this case relying on fluorescence rather
than absorption detection [15]. The far superior signal-to-noise ratio of the latter
experiment laid the foundation for the dominance of fluorescence microscopy over
all other optical studies at the single molecule level over the next 25 years.

Nowadays, single-molecule fluorescence has become a routine tool to follow
the dynamics and underlying potentials within heterogenous systems [16]. Despite
having its spatial resolution limited by diffraction, the advent of super-resolution
techniques [17] and the demonstration of single nanometre localisation precision [18]
has led to a revolution in the life sciences. Nevertheless, there are intrinsic limitations
to what fluorescence can achieve. On one hand it suffers from a limited photon flux,
and on the other hand its application implies the need for labelling. As a result there
are a set of parameters spaces that fluorescence alone cannot access, for instance sub-
millisecond temporal resolution with simultaneous sub-10nm localisation precision
for an indefinite observation time. Moreover, there are systems that simply cannot
be studied because labelling would indubitably perturb the underlying techniques.

The topic of this thesis is motivated by the aforementioned shortcomings of single-
molecule fluorescence, and its goal is to present an alternative approach that can push
the temporal resolution, localisation precision and sensitivity domains beyond the
realms of fluorescence-based detection. Already experiments by Kusumi et al. have
demonstrated that an increase in three orders of magnitude in temporal resolution,
thanks to detection of light scattered by gold nanoparticles, has led to further under-
standing of the underlying dynamics taking place at the plasma membrane of a cell
[19]. Furthermore, it is now possible to simultaneously access nanometre preci-
sion and sub-millisecond temporal resolution with moderate sized scattering labels
(>40nm in size) using dark-field microscopes [20]. Which leads to the question
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that embodies the topic of this thesis: can we do better and how far can we go?
The answer lies within the exploration of the technique known as interferometric
scattering microscopy (iISCAT) [21], both from a technical perspective and from its
application to the investigation of nanoscopic dynamics and potentials.

This thesis is arranged as follows:

In Chap. 2, I provide a detailed description of the development and the concept of the
technique known as interferometric scattering microscopy in the context of single
particle tracking. Special emphasis is given to the different implementations of the
technique, mentioning their advantages and disadvantages. A brief mention to the
basics of scattering and surface plasmons is covered. Finally, I discuss potential
applications and overall limitations of the techniques.

Chapter 3 describes all the instrumentation, hardware interfacing and image pro-
cessing necessary to achieve the highest levels of performance. The first half of the
chapter focuses on the optical design and the hardware components that constitute
an iSCAT microscope. Here, the critical aspects of microscope alignment, sample
stabilisation, characterisation of the camera properties and hardware triggering are
presented. The second half outlines all the image processing tools developed and
implemented to convert low quality raw data into shot-noise-limited images that can
be analysed using single molecule data analysis algorithms.

Using a solid supported lipid bilayer membrane as a benchmark system, Chap. 4,
explores the dynamics of a receptor at the limits of simultaneous localisation pre-
cision and time resolution. From a technical perspective, this chapter demonstrates
the intrinsic shot-noise limited nature of the technique, its ability to decouple the
time resolution from localisation precision, and highlights the importance of taking
both parameters into consideration when drawing conclusions. From a membrane
biophysics point of view, the source of anomalous diffusion and a mechanism for
information exchange across bilayer membranes is discussed.

In Chap. 5, the structural dynamics involved in the translocation of the molecular
motor myosin Sa are investigated with unprecedented precision and time resolution. A
mechanism of motion based on the constraints imposed by the structure of the protein
is proposed in contrast to the full Brownian search model. Characterisation of a
spatially constrained and short-lived intermediate state together with the detection of
an Angstrom-level structural change provide evidence for the proposed mechanism.
Furthermore a new application of iSCAT is discussed based on the use of gold-
nanoparticle-protein complexes as signal amplifiers of structural changes.

Chapter 6 describes the label-free imaging capabilities of iISCAT and provides a
proof-of-principle experiment for single-protein detection sensitivity. Here, myosin
Sa serves as a model system to demonstrate for the first time an all optical approach
to simultaneously detect, image, track and therefore study the dynamics of single
proteins without labelling.
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Chapter 7 departs from the field of biophysics and explores the possibility of using

light microscopy to quantitatively study dynamic heterogeneous systems in situ at
the single particle level. The self-reproduction of lipid aggregates produced by a
bond forming biphasic reaction is addressed. The methods to follow the progress
of the reaction and characterise the kinetics are presented together with evidence of
complex behaviour present at liquid/liquid and solid/liquid interfaces.

Finally, Chap.8 concludes the thesis and presents an outlook for future work

and the proposal of new single molecule platforms based on the methods and tools
described.
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Chapter 2 ®)
Non-fluorescent Single-Molecule oo
Approaches to Optical Microscopy

Parts of this chapter have been adapted from the following publication: Ortega
Arroyo, J. and Kukura, P. Interferometric scattering microscopy (iSCAT): new fron-
tiers in ultrafast and ultrasensitive optical microscopy. Phys. Chem. Chem. Phys. 14,
15625-15636 (2012). [1] and are copyright (2012) by the Royal Chemistry Society.
All work presented in this chapter was performed by myself.

2.1 Introduction

The prevalence of optical spectroscopy in single-molecule experiments has been
founded on its ability to extract information about the local environment and under-
lying dynamics over several time and length-scales by characterising and tuning
the properties of optically active molecules and materials. Moreover, the non-
invasiveness of optical approaches offer a distinct advantage over surface-sensitive
techniques such as atomic force microscopy. Although direct optical detection of
single molecules via absorption [2] or extinction spectroscopy [3, 4] is possible, the
inherently weak interaction between electromagnetic radiation in the visible regime
with matter, due to the gross mismatch between the effective size of a molecule and
the wavelength of light (Fig.2.1), poses significant experimental challenges. These
challenges translate into the need to greatly suppress background fluctuations to
achieve sufficient signal-to-noise ratios (SNR) for single-molecule detection.

To better understand the sensitivity levels required for direct all-optical single-
molecule detection, consider the scenario of an object the size of a molecule placed
in the focus of a high numerical aperture objective at room temperature. A typi-
cal absorption cross-section for a dye molecule is on the order of 5 x 107! cm?,
whereas light can only be focused to an area of 5 x 107'° cm? with a high numeri-
cal aperture objective. Under these conditions, the molecule may absorb about one
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per every million incident photons; thus producing a parts-per-million differential
signal. Although possible, there are significant experimental challenges associated
with a parts-per-million sensitivity and these can be attributed to two main causes.
On one hand, external fluctuations such as background scattering and sample drift
need to be significantly suppressed, which requires specific measuring conditions
and sample stabilisation hardware. On the other hand, the hardware used for taking
measurements has intrinsic noise levels orders of magnitude higher than a parts-
per-million signal. For instance, commercial laser sources rarely output light with
a stability better than 1073; whereas, photon detectors suffer from dark counts and
read-out noise that further degrade the signal-to-noise ratio. Furthermore, in a typical
confocal illumination volume, there are as many as 107 other molecules interacting
with the incident light; further compromising the detection sensitivity. As a result,
only highly specialised setups under specific conditions can suppress the background
fluctuations to a sufficient level to perform direct optical detection.

In contrast to direct optical detection, fluorescence-based single-molecule detec-
tion [5] overcomes the challenges associated with a parts-per-million sensitivity by
detecting photons shifted to a lower energy compared to the excitation source; thus
converting a high-background measurement into a zero-background one. Further-
more, one of the greatest advantages of single-molecule fluorescence, beyond its
superior background suppression, is that a wide range of molecular-sized dyes and
fluorescent proteins can be co-expressed with a target molecule and serve as labels.
This property is especially attractive for studies in highly complex and heterogeneous
environments such as cells, as it grants the molecule specificity by virtue of a charac-
teristic fluorescence emission spectra. This effectively turns a problem analogous to
finding a needle in a haystack, into one where each needle contains a tracking device.
In this respect, the fluorescent label reports the position and information about the
local environment of the molecule of interest, upon which the process termed single-
particle tracking (SPT) is based. Moreover, with the information from SPT, i.e. the
position and the type of motion of the particle, the underlying nanoscopic potentials
responsible for the observed dynamics can be extracted [6—10].

2.2 Single-Particle Tracking

Resorting to an example, the concept of single-particle tracking can explained on
the basis of understanding the diffusion of a receptor embedded in a membrane
(Fig.2.2a). Here, the receptor is labelled by a marker which produces an optical
response on the detector, known as the point spread function (PSF). This optical
response closely resembles that of a 2D Gaussian function with a full-width-at-
half-maximum (FWHM) of roughly half the wavelength of light as dictated by the
diffraction limit, more formally referred to as the optical resolution of the system. As
the receptor diffuses, the position of the PSF changes as a function of time (Fig. 2.2b).
Despite the size of the PSF on the order of hundreds of nanometres, the centre of
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Fig. 2.1 Single-molecule optical microscopy. a Schematic highlighting the relative length-scale
mismatch between a dye molecule, such as Rhodamine 6G, and a light source focused to the diffrac-
tion limit by a high numerical aperture objective and used to perform single-molecule extinction or
fluorescence detection. b, ¢ Representative extinction and fluorescence signal magnitudes expected
from a single terrylene diimide [3] and a GFP molecule scanned through the focus of an objective;
respectively

mass is well defined and thus can be determined with a precision far greater than the
resolution of the optical microscope.

Several approaches exist to determine the centre of mass with varying degrees of
computational complexity and achievable localisation precision [11, 12]; however
for most purposes a fit to a 2D Gaussian function suffices [13]. Repeating this pro-
cedure for a sequence of images produces a trajectory with a precision far exceeding
the diffraction limit; thus revealing information of the type of motion and possi-
ble interactions that lead to said behaviour (Fig.2.2c). In the absence of external
fluctuations in the form of sample drift or vibrations coupled into the system, the
signal-to-noise ratio determines the precision and time resolution with which the
motion of the label can be followed and thus how closely this motion resembles the
dynamics under investigation [14—16]. Therefore if the image quality deteriorates
either by shot-noise fluctuations, or appearance of background noise such as out-of-
focus fluorescence signal contributions, auto-fluorescence background, or simply by
the intrinsic read-out noise of the camera; the centre of mass of the PSF will become
less well defined and the corresponding trajectory increasingly noisier, eventually
leading to the loss of most of the information content (Fig. 2.2c).

In principle, a greater SNR can be gained by either the collection of more pho-
tons and/or the reduction of the background noise. Under the assumption that the
background noise is constant, the localisation precision or temporal resolution can
be improved at will, either by increasing the light-matter interaction strength or sim-
ply incrementing the exposure time. Nevertheless single-particle tracking based on
single-emitter fluorescence suffers from two major limitations.
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Fig.2.2 Basics of single-particle tracking. a Illustration of a typical single-particle tracking assay
on a membrane bilayer with receptors depicted in red and a spherical marker in bright orange. The
trajectory of the labelled receptor as it diffuses across the membrane is represented as the solid red
line projected on the glass surface. b For labels smaller than the diffraction limit, the PSF resembles
a 2D Gaussian. Scale bar: 1 um ¢ Reconstructed trajectory of the motion of the particle PSF in b.
The true trajectory of the receptor, black line, can be reconstructed with a greater precision than
that obtained by the size of the PSF, thick orange line, by finding the centre of mass of the PSF at
each time-point. When the SNR of the image decreases so does the quality of the trajectory

Firstly, single emitters possess intrinsic photo physical and chemical properties
that restrict the total yield to about 107 photons [17, 18]. The two most notable
examples are irreversible and reversible photobleaching, both of which become more
likely at higher illumination intensities and are the result of the destruction of the
fluorophore through the generation and further excitation of triplet states [19]. The
development of non-blinking quantum dots [20] and N'V-centres in nanodiamonds
[21, 22] aim to solve these effects, although routine incorporation of these labels
in biological environments remains a challenge and come at a cost of increasing
the label size to several tens of nanometres. Secondly and more importantly, all
single quantum emitters have a maximum achievable photon flux, otherwise known
as optical saturation [17]. This upper limit originates from the need to populate an
excited electronic state, which has a lifetime of few to tens of nanoseconds, before a
fluorescent photon can be emitted.

These two limitations have far-reaching consequences, namely the SNR can not be
tuned arbitrarily and more importantly, the main requirements to resolve dynamics at
the nanoscale are coupled: localisation precision, temporal resolution and observation
time. From an experimental point-of-view, these limitations place an upper bound to
the excitation rates to roughly 1 MHz, which in combination with the typical losses in
current state-of-the-art optical microscopes, provide a rough rule of thumb that relates
the achievable localisation precision with the corresponding temporal resolution:

o (time, space) = 1 nm Hz!/? (2.1)



2.2 Single-Particle Tracking 11

The implications of this relation together with the limited photon yield are quite
straightforward: simultaneous high time-resolution and spatial precision measure-
ments spanning more than a handful of data points are inaccessible with single
emitters as verified by state-of-the-art tracking experiments in the last decade [23—
28]. For instance, localisation with one nanometre precision is possible but comes at
the expense of a temporal resolution of a second. Meanwhile, an improvement in the
temporal resolution by two orders of magnitude reduces the localisation precision
by one order of magnitude.

If the relevant nanoscale dynamics occurred on the time-scale of seconds or slower,
the effects of spatial and temporal coupling would not pose a significant problem.
Unfortunately, the dynamics of single proteins, lipids and other nanoscale processes
occur on time-scales at least three orders of magnitude faster. Returning to the mem-
brane biophysics example, a single lipid in a supported lipid bilayer typically diffuses
at a rate of 1 pm?s~!. This is equivalent to stating that within one microsecond, the
lipid moves by two nanometres as estimated from the root mean square displacement
[29]. Yet, this scenario is quite ideal as motion in a bilayer membrane is considerably
slowed down by the reduced dimensionality and the higher viscosity provided by
the lipid environment, when compared to the Brownian motion of a ten nanometre
protein in solution. In the latter case, the protein would move by a distance equiv-
alent to its own size within a microsecond. Thus, under these conditions the use of
single-emitter-based fluorescence to investigate nanoscopic dynamics is analogous to
filming a flying bullet with a mechanically shuttered camera from the early twentieth
century.

Furthermore most biological molecules do not fluoresce and thus require either
chemical or genetic labelling which raises two important issues. On one hand,
labelling efficiency can lead to statistical artefacts and in some cases hide potentially
rare events; on the other hand, the label can perturb the properties and underlying
dynamics of the system we wish to probe. The latter effect is particularly trouble-
some when studying systems that are comparable in size to the fluorescent labels
themselves. Take for example lipids, where certain dye molecules are known to alter
the lipid partitioning and distribution within a membrane, [30, 31] or larger sized
scattering labels, [32] which can induce variations in the mobility of lipids. Similarly,
processes involving assembly or disassembly on the nanoscale, such as amyloid for-
mation («-synuclein), actin and tubulin polymerisation/depolymerisation are difficult
to monitor with true single molecule resolution due to the necessity of distinguishing
bound molecules from those at high concentration in solution. Consequently, despite
its widespread use and continuous development, single-emitter-based SPT is unsuit-
able for the precise study of fast dynamics or processes that span multiple orders of
magnitude in time.
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2.3 Scattering Detection: An Alternative to Fluorescence

Given the limitations of single-emitter-based microscopy and the discrepancy
between reality and expectations, there have been numerous attempts to move beyond
fluorescence as the contrast mechanism to study single molecules. One such approach
relies on the detection of scattered light, which is not subject to the effects of optical
saturation, photobleaching or blinking, and does not require a strong transition dipole.
Unlike fluorescence, scattering from a nano-object is analogous to having a “nano-
mirror”’, whereby the photon flux is only limited by the amount of incident power on
the nano-object and is determined by the scattering cross-section of the object; thus
allowing indefinite observation times. Based on these arguments, scattering-based
detection schemes become very attractive to study nanoscopic dynamics thanks to
the unlimited supply of photons.

Two main approaches to scattering-detection have emerged over the past decades:
purely scattering-based and interferometric-based. To understand the basic differ-
ences it is instructive to compare both techniques according to their experimental
implementations. For ease of comparison, we do so with respect to a standard epi-
fluorescence microscope (Fig.2.3). Detection of pure scattering, commonly known
as dark-field microscopy, relies on the rejection of the illumination light from the
detection channel with maximal efficiency to reveal only scattered light, represented
in the Fig. 2.3 as placing the detector perpendicular to the incident light. However, in
a biologically relevant setting, dark-field illumination is usually achieved by a mis-
match in the excitation and detection numerical aperture, or by taking advantage of
total-internal-reflection. In scattering interferometry rather than rejecting the back-
ground light, it serves as a reference and thereby it is collected and recombined with
the scattered light by a either a beam splitter or an additional objective, resulting in
reflective and transmission geometries; respectively.

Regardless of the approach, the light irradiating the detector, I4, can be expressed
as:

1
lo = ScelBr + E[? (2.2)

where ¢ represents the speed of light, ¢ the permittivity, and E, and E refer to the
reference and scattered electric fields, respectively.

Rather than resorting to an electric field description, it becomes more instructive
to work in terms of the number of photons that reach the detector, N, given a certain
integration time, a detection efficiency, and an irradiance. Applying this transforma-
tion to Eq.(2.2) and expanding the electric field components under the assumption
of interference results in:

N =N; [¢2 + [s]* +2¢s| cos Ag], (2.3)
where s refers to the complex scattering amplitude, A¢ the phase difference between

the scattered and reference electric fields and N;j, the incident number of photons.
Depending on the approach, ¢ represents either the amplitude of any non-suppressed
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Fig. 2.3 Different implementations of scattering-based detection. a Schematic illustrating
the concept behind dark-field and interferometric-based scattering detection with respect to con-
ventional epi-fluorescence microscope. b Signal generation for total-internal-reflection darkfield-
microscopy: the objective collects the light scattered by the particles, Eg, within the evanescent
field produced by total-internal-reflection. ¢ Fake colour image of a 40nm gold particle obtained
by TIRDFM. [33] The particle appears as a bright spot over a dark background. Intensity scale in
arbitrary units. d Signal generation for interferometric scattering microscopy: the objective tightly
focuses the incident light, E;, onto the sample and collects the light reflected, E., at the glass cover
slip interface and the light backscattered by particles within the illumination region, Eg. € Analogous
image of a 40nm gold particle detected by iSCAT. The particle now appears as a dark spot over a
constant bright background. Intensity scale in arbitrary units

background, the transmissivity or the reflectivity of the interface. For dark-field
microscopy, the detected signal is dominated by the purely scattering term, |s|?,
while the remaining terms are negligible for sufficiently small scatterers. Unlike
dark-field, in scattering interferometry the reference contribution, §2, dominates the
light intensity at the detector and serves as a high-signal baseline containing no
information about the sample. Furthermore, as long as the optical path difference
between E; and Eg is smaller than the coherence length of the illumination source,
the electric fields will interfere and make the third term in Eq. 2.3 non-negligible.
The relative magnitude between the reference and scattering amplitudes produces
two general cases for interferometric detection. On one hand, when the pure and
interference terms compete (¢ < s), the benefits of interferometry are lost and in fact



14 2 Non-fluorescent Single-Molecule Approaches to Optical Microscopy

the measurement becomes analogous to a dark-field one with high background levels
[34-36]. On the other hand, in the limit of a very weak scatterer (¢ > s) the purely
scattering term becomes negligible, and the detected signal can be expressed as:

N~ N; [¢% +2¢]s| cos Ag]. (2.4)

The immediate consequence of Eq.2.4 is that the interference term becomes the
only contribution that contains information from the sample. Therefore, the signal
produced by a weak scatterer is represented by a small change on top of a large
background, which we denote as the contrast. This is a major difference compared
to both dark-field and fluorescence approaches, where the measurement is ideally
performed over a zero-background one. After algebraic manipulation, the contrast
can expressed as:

|s| cos A¢
—g“ .

Contrast ~ 2 (2.5)

The above equation has enormous implications, namely, the size of the signal
is fixed by: the properties of the scatterer, its local environment and the reference
amplitude. In other words the contrast is independent of the photon flux and serves
as fingerprint for each scatterer [36]. Furthermore, this expression provides a simple
means for tuning the contrast, i.e. by controlling the reference amplitude [37].

In most scenarios, the reference term is constant and determined either by the
transmissivity or reflectivity of the sample. Therefore the noise of the system, under
the most optimised experimental settings, is determined by the fluctuations in the
background induced by shot noise. The magnitude in the relative signal fluctuations
scale with the number of detected photons as N~!/2. Under this consideration the
signal-to-noise ratio can be written as:

SNR o Contrastv/N. (2.6)

A similar expression (SNR o +/N) can be equally derived for dark-field under
shot noise conditions. Irrespective of the approach, the key feature of scattering-
detection is that, unlike fluorescence, the detected photon flux is only limited by
the amount of light incident on the sample. This implies that an arbitrary temporal
resolution, localisation precision and sensitivity can be achieved by just tuning the
amount of light incident on the sample. This is a very strong statement, yet should
not be surprising for a shot noise-limited experiment.

Based on these claims, both scattering approaches seem to greatly surpass the SNR
performance of fluorescence detection in single-particle-tracking. Furthermore under
shot noise-limited conditions, both dark-field and scattering interferometry attain
similar results. So this raises the following two questions: firstly, how feasible and
under what conditions is it possible to perform single-particle-tracking experiments in
the shot-noise limit? Secondly, are there any significant advantages of interferometric
detection over dark-field or vice-versa?
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To address the above questions, one must consider the effect of non-negligible
background scattering to the SNR of an experiment. As an example, consider the
amount of light scattered by a relatively large, 160nm silica bead with a scatter-
ing cross-section in water on the order of 3 x 10~'>cm?. Compared to the typical
diffraction-limited area of a focused beam, only one in a hundred incident photons
are scattered by the particle. Although this number is four orders of magnitude larger
than for a dye-sized molecule, achieving a localisation precision on the order of one
nanometre requires a SNR between 30-60, [15, 16, 23] meaning that any spurious
reflections have to be eliminated to at least a level of 0.01% relative to the incident
light.

The difficulty associated with this task can be understood by considering that a
standard high numerical aperture microscope objective consists of several lenses,
each of which will reflect at least 0.1% of the incident light, even in the presence
of high-quality anti-reflection coatings. The presence of spurious reflections fur-
ther deteriorate the achievable SNR, because their signal contribution also scale
linearly with the incident light. Some typical sources of these spurious reflections
are: dust particles, inclusions in microscope immersion oil, surface inhomogeneities
and refractive index changes.

In the case of interferometry, these spurious reflections do not pose such a problem
as they become typically overwhelmed by the reference source. In addition, because
these spurious contributions are constant, they can be easily subtracted without com-
promising the image quality. In principle, such a subtraction is also possible in
dark-field yet the limited dynamic range found in most detectors compromises its
performance. This mostly results from the large spread in signal intensities measured
on top of a low background for dark-field; in contrast to the small signal variations
measured on top of a large and constant baseline for interferometric scattering.

Although the effect of the label size on single particle tracking experiments is
not precisely known, it is highly desirable to use smaller-sized labels than a 160 nm
silica bead. This is especially true in the life sciences, where most of the biological
nanomachinery ranges in size from a few to several tens of nanometres. It is then
advantageous to find smaller-sized labels that produce the same scattered photon
flux as their larger-sized counterparts. Metal nano-particles, specifically gold and
silver, exhibit strong plasmon resonances in the visible regime (Fig.2.4a, b). These
plasmon resonances are the product of collective oscillations in the electron cloud
caused by the interaction of the metallic particle with an oscillating electric field.
These collective electron cloud oscillations in turn lead to an enhancement in the
scattering and absorption cross-sections compared to other molecules. In fact, a
40nm gold nano-particle, AuNP, illuminated at 532nm scatters approximately the
same amount of photons in water as a 160 nm silica bead.

To precisely understand the size-dependence of the signal in each approach, one
must consider the factors involved in the complexed-value scattering amplitude s =
|s| exp (i¢s), which for objects with diameters D « X is determined by:
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Fig. 2.4 Basics of localised surface plasmon resonance. a Scheme depicting the interaction of
a metal nano-particle with an oscillating electromagnetic field, which results in localised oscilla-
tions in the electron-cloud density of the particle; otherwise known as localised surface plasmon
resonance. b Wavelength dependence of the scattering cross-section for different nano-particles.
¢ Image of 10nm Au particles spin-coated onto the surface of a clean glass cover slip immersed
in water obtained by illumination at A = 532 nm with iSCAT microscopy. Variations in the back-
ground correspond to scattering signal contributions from tiny differences in the glass surface. A
cross-section of the image is shown to indicate the extinction in signal produced by a single Au
particle compared to the glass surface roughness
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Here, y denotes a proportionality constant, and €, , refers to the complex-valued
dielectric constant of the medium and particle, respectively. With this expression,
the size dependence on the detected scattering signal for each technique is evident:
DS versus D3 for dark-field and interferometric-based approaches, respectively. This
reduction in size-dependence for interferometric approaches, means that the signal
scales linearly with particle volume. As a result any technique that uses the principle
of interferometric detection, has the advantage that reducing the particle size by a
factor of 2 carries with it an almost order of magnitude smaller drop in the detected
signal (from 64 to 8) compared to direct scattering detection approaches. In the
extreme case of sensitivity, particles the size of proteins (D = 5-10nm) can be
detected [38, 39].

Close inspection of Eq.2.7 further reveals that both approaches are not
background-free, as any species within the sample will contribute to the detected
scattered light as long as €, # en; thus, leading to a lack of signal specificity. For
instance, surface variations at the nanoscale such as substrate roughness can be
modelled as tiny, randomly shaped nanoparticles made of glass sitting on top of
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an atomically flat glass surface. Since their refractive index differs from that of the
surrounding water, these surface irregularities produce a scattering signal. In fact,
exactly this type of behaviour is observed in Fig.2.4c. This lack of specificity can be
viewed as an advantage rather than a short-coming over single-molecule fluorescence
as it opens the possibility to perform label-free single-molecule optical microscopy.

2.4 Interferometric Scattering

Today, there are several approaches that take advantage of interferometry more or
less directly. They include extinction-based methods [40, 41] photo-thermal detec-
tion [42, 43] and techniques using external [44, 45] or common-path referencing
[34]. Photo-thermal detection has the unique advantage of enabling the identifica-
tion of resonant objects even in strongly scattering environments, while externally
referenced interferometric detection allows fine-tuning of the phase difference, A¢,
and thus the signal magnitude. Common-path interferometric scattering detection
dates back to 1965 with the technique known as interference reflection microscopy
(IRM) developed by Curtis [46] and further optimised by Ploem [47] with the intro-
duction of the anti-flex illumination scheme. As a precursor to iSCAT, this detection
technique was used to study cell adhesion [48-50], thicknesses of thin films over
glass substrates [51], interactions between large colloidal particles and surfaces [52],
reconstruction of interfacial topology [53, 54], and phase separation in lipid bilayers
[51]. The main differences between these techniques with iSCAT is that the latter
uses a coherent light source to increase the contrast [50].

In its most recent incarnation, common-path interferometric scattering detection
has the major advantage of phase stability and operating in wide-field mode just
like fluorescence microscopy. Large field of views on the order of 100s of pwm?
and recording speeds approaching the ps frontier with nm localisation precision
are possible. At the same time, the associated experimental setup is comparatively
trivial. In fact, most current confocal microscopes are already performing iSCAT
experiments everyday; they simply do not have a detector at the appropriate position
to record the relevant signal.

A particularly attractive implementation of iSCAT for the life science uses the
reflection from the glass cover slip and imaging medium interface as the reference
source to achieve homodyne detection. The low reflectivity of the interface (0.5%
for glass-water) ensures that most of the incident light is transmitted by the sample,
while the scattered light from small particles is often isotropic. As a result the relative
amplitudes of scattered and reflected light fields are comparable, which increases the
signal contrast of the scatterer. The principle of the technique therefore relies on
the illumination and subsequent collection of the light that returns from the sample.
Separation of the illumination and the detection channels is achieved by a beam
splitter, much a like a dichroic mirror in fluorescence microscopy, except that there
is no chromatic difference between the two beams. There are several variants of this
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technique based upon the type of the illumination and detection employed, each of
which presents unique advantages and disadvantages (Fig.2.5).

2.4.1 Confocal Detection

In its first implementation, iISCAT was performed by using confocal illumination
and a point-detector with the advantage to spatially select the scattering signals with
a confocal pinhole (Fig.2.5a). Images were acquired by raster scanning the sample
across the focused beam and recording the reflected light intensity as a function
of sample position. Despite the fact that this approach is capable of detecting gold
nanoparticles down to 5nm, [34, 35] there are three major drawbacks. Firstly, illu-
mination intensity fluctuations translate into signal variations in the image as the
sample is scanned. This is quite problematic as commercially available laser sys-
tems rarely stabilise the output intensities to better than 0.05%; thereby, limiting the
sensitivity. Secondly, total-internal-reflection from the sample, which needs to be
removed or avoided, restricts the numerical aperture below 1.3 and 1.0 for water and
air, respectively. Thirdly, the image acquisition speed is intrinsically slow, on the
order of seconds; thus making the observation of any fast dynamics impossible.

The key to minimising the effect of all of the above limitations is to switch
to either a Koehler or a beam scanning illumination, and from point to wide-field
detection [55].

(a) (c) (d)

- FWHM
7 80 um

CMOS
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Fig.2.5 Variants of interferometric scattering setups. Experimental setup diagrams for: a confo-
cal detection mode using a point-like detector and a piezo translation stage to raster scan the sample;
b—c non-scanned wide-field detection using Koehler and pencil-like illumination; d confocal beam
scanning illumination using acousto-optic deflectors arranged in a telecentric relay system. Dotted
lines: scattered light, BFP: back-focal plane of the objective, PD: photodiode, BS: beam-splitter,
AOD: acousto-optic deflector, TL: telecentric lens system, BT: beam telescope, CMOS: camera



2.4 Interferometric Scattering 19

2.4.2 Non-scanned Wide-Field Detection

The basic operating principle of iISCAT only requires the detection of scattered and
reflected light from the sample. In analogy to epi-fluorescence microscopy, this can
be achieved by Koehler illumination and subsequent imaging onto a digital camera.
The raw scattering image obtained in this fashion is dominated by the reflected
illumination beam, with a full width at half maximum determined both by the size of
the incident collimated beam and the focal length used to image the light source onto
the back focal plane of the objective. In terms of the scattering contrast, the most
important parameter is the ratio of scattering amplitude to the size of the diffraction-
limited beam. Analogous to fluorescence, the excitation spot size is irrelevant for the
final resolution obtained on a camera. After all, the pixels on the CCD camera do
not have any knowledge over how the sample was illuminated, but rather record a
diffraction limited image of the sample region on their pixels.

The major difference of the Koehler illumination scheme with respect to confocal
is the placement of a lens, termed the wide-field lens, along the illumination path,
which focuses the beam into the back focal plane of the microscope objective. As
a result of this, the objective collimates the incident beam at the sample. The light
back-reflected from the glass-water interface together with the back-scattered light
from the sample are then collected by the objective and sent into the detection arm of
the setup by partially reflecting off the beam splitter. Finally, an image is projected
onto a CMOS camera with a lens placed conjugate to the back focal plane of the
objective, thus ensuring that the scattered light is focused while the reflected one is
collimated.

The quality of the image for Koehler iSCAT depends mainly on three inherent
properties of the illumination source: mode stability, Gaussian-like mode character
and coherence length. The first two aspects can be controlled either by spatially
filtering the output of a laser using a pinhole or by coupling it into a single-mode
fibre. In this way mode instabilities are translated into intensity fluctuations, which are
accounted for with normalisation of the images by the average pixel value. In regards
to the coherence length, iSCAT requires the coherence length to be longer than the
interaction distance between the interface and the scatterer in order for the scattered
and reflected fields to interfere. However, an increase in the spatial coherence intro-
duces imaging artefacts that significantly corrupt the image quality [56, 57]. The
most common of these artefacts are speckle noise and unwanted interference pat-
terns originating from back-reflections. Unfortunately the multiple optical elements
present in a microscope objective constitute the main source of back-reflections in an
1SCAT microscope [35]. The intensity of these interference patterns, and therefore
image degradation, correlates with how tightly the illumination source is focused
into the back focal plane of the objective. This would not pose a problem if these
modulations remained constant during a typical image acquisition sequence; but such
would require an interferometrically stable microscope! This inherently restricts the
achievable field of view without discernible image corruption to about 8 x 8 um?.
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Alternatively, if a larger field of view is desired, a dramatic increase in experimental
complexity is required to achieve interferometric stability.

A close variant of this approach is to under-fill the objective with a collimated
beam [58] as opposed to focusing into the back focal plane. Such a scheme produces
a pencil-like illumination profile with an area on the order of 2 um full-width-at-half-
maximum (Fig.2.5c). This has two major benefits: in first instance, it avoids total-
internal-reflection without any loss in signal contrast; and secondly, it minimises the
coherent artefact effect. The reduction in the coherent artefact effect results from the
fact that the back-reflections are comparable in size to the interface reflection. There-
fore, the interference between these two electric fields only causes slowly varying
modulations in the overall intensity, which can be accounted for by normalising the
image.

The simplicity, moderate-sized fields-of-view, and stability of non-scanned iSCAT
makes it the prime choice for two types of experiments: high-speed single particle
tracking [58, 59] and label-free bio-sensing [39].

2.4.3 Confocal Beam Scanning Wide-Field Detection

One of the main drawbacks of non-scanned iSCAT is the reliance on the stability of a
Gaussian-like mode and the limited field of view caused by coherent artefacts. Larger
fields-of-view with higher image quality compared to Koehler illumination can be
obtained by using a variant of confocal illumination: confocal beam scanning [55].
Here, rather than raster scanning the sample, a beam focused to a size of less than
a micron in FWHM is periodically scanned across the sample at a fixed frequency
that is much faster than the exposure time of the camera (Fig.2.5d). In practice, two
beam deflectors operating at different fixed frequencies and scanning in orthogonal
directions are required to achieve this type of illumination. Furthermore the beam
deflectors are arranged in a telecentric relay imaging system that is conjugate to
the back focal plane of the microscope objective (Fig.2.5d). As a result the camera
records what appears to be an evenly illuminated sample region regardless of the
mode output by the laser. Moreover the scanning and implicit averaging that takes
place, turn the unwanted interference fringes caused by coherent artefacts into pixel
variations that no longer degrade the image, analogous to a lock-in detection.

Despite the larger field of view and image quality, there are two main consider-
ations that must be addressed. Firstly, given the same average photon flux on the
sample, the peak intensity is higher than in non-scanned illumination, due to the
small size of the beam being rapidly displaced. Secondly, the maximum frame rate
will be limited by the scanning rate of the beam deflectors; since a certain number
of cycles are required to produce a homogeneous illumination.
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2.5 Applications

2.5.1 Lateral Single-Particle Tracking

One of the most representative advances in the life-science derived from the advent
of single-molecule detection via optical microscopy has been the ability to follow
the lateral position of individual components of a largely heterogenous system. This
has allowed the discovery and proposal of different models across different bio-
logical systems ranging from corralled diffusion in cellular membranes [60] to the
stepping behaviour of cytoskeletal motor proteins [26, 61, 62]. As mentioned previ-
ously, one of the main limitations of the current approaches to lateral single-particle
tracking has been the mismatch between the length- and time-scale of the dynam-
ics under study and those achieved experimentally. This mostly results from the
coupling between at least two of the following experimental parameters: temporal
resolution, localisation precision, label size and observation period. Unlike fluores-
cence and purely-scattering approaches, interferometric scattering microscopy, when
performed in the shot noise-limited regime, relaxes the coupling between all these
experimental parameters, which means that a richer parameter space, inaccessible to
other techniques, can now be explored as will be shown with the following examples.

An area of study that greatly benefits from the uncoupling of temporal resolution,
localisation precision and label size is membrane biophysics due to the mobility
of its components occurring mostly in two dimensions. By following the motion
of receptors, membrane proteins or individual lipids, information about the type
of motion, and the interactions between different membrane components can be
extracted as will be discussed in Chap.4. As a proof of principle that iSCAT can
achieve simultaneous localisation precision and temporal resolution, Fig. 2.6a shows
a track from a 20 nm gold particle attached to a single lipid via a streptavidin-biotin
linker with 2 nm localisation precision taken at an exposure time of 10 ws. Here the
temporal resolution was limited by the camera settings but as long as the measurement
is shot noise-limited, the temporal resolution can be increased arbitrarily by simply
incrementing the incident photon flux on the sample, as recently demonstrated with
a similar measurement achieving MHz frame rates [59].

Although a 20nm gold particle is considered quite small for scattering-based
approaches, fluorescent labels such as fluorescent proteins or quantum dots do not
typically exceed 5—6 nm. Previous studies of iSCAT have demonstrated the sensitivity
to detect immobilised quantum dots [63] and gold particles of 5 and 10 nm in size [35]
and thus the ability to use them as labels for lateral tracking. As one step further in the
applicability and the sensitivity of the technique, Fig. 2.6b shows an image sequence
from both the scattered and fluorescent channels of the same lipid system as above,
but with a quantum dot instead of a gold particle. The identity of the quantum dot was
assessed by correlative fluorescence and iISCAT measurements, specifically by the
presence of blinking in the fluorescence channel. This result illustrates the advantage
of iISCAT over fluorescence where the position of the particle is never lost with
respect to purely scattering-based detection. Here the sensitivity was incremented
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Fig.2.6 Capabilities of interferometric scattering microscopy for lateral single-particle track-
ing. a Simultaneous high localisation precision and temporal resolution: representative trajectory of
a20nm AuNP diffusing on a supported lipid bilayer, acquired at 50,000 frames/s and with a nominal
localisation precision of 2.0nm, as determined by the spread in the distances between two immo-
bilised particles. iSCAT illumination: 532 nm. b Sensitivity to detect small non-resonant scatterers:
correlative iISCAT (top) and fluorescence (bottom) imaging of a single quantum dot (red markers)
diffusing on the same supported lipid bilayer system as in a. Note that the quantum dot is undetected
in the first frame of the fluorescence channel. Sample: supported lipid bilayer constituted by 99.9%
DOPE and doped at 0.1% with biotin-labelled DPPE lipid. Streptavidin functionalised quantum dots
and AuNPs bind to the DPPE lipids via their streptavidin-biotin moieties. Fluorescence excitation:
473 nm. iSCAT illumination: 630 nm

by temporally averaging frames together rather than increasing the incident photon
flux. Both approaches achieve the same result and thus are interchangeable as long
as the measurement is shot noise-limited over the time-scale of the frame averaging
window.

The previous point does not intend to suggest that iSCAT should substitute flu-
orescence, instead, it encourages the combination of both techniques to access an
additional parameter space. For example, simultaneous iSCAT and fluorescence can
be used to show the temporal correlation between the position and the execution
of certain events as will later be covered in Chap.5 with the stepping motion of
myosin Sa. Similarly, spatially registered iSCAT and fluorescence measurements,
each reporting on a different label, can be exploited to study the orientation of a
system with a known structure. Namely, if the physical distance between both labels
remains the same, the projection of these two signals on the image plane can be used
to find the relative orientation of the labels and the rigid body that connects them;
analogous to a GPS system. This precise approach was used to follow the dynamics
of the Simian Virus 40 virus-like particles labelled with quantum dots on a supported
lipid bilayer [55].

Up to now only spherical particles have been considered in SPT for iSCAT, mostly
for the sake of simplicity, since the signal detected is invariant to the orientation of the
label. However, the same orientation information described in the previous paragraph
can be recovered by using rod-shaped nano-particles. For nanorods, changes in ori-
entation translate into changes in the intensity distribution over different polarisation
channels. This concept has been exploited in fluorescence [64] and purely-scattering-
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based approaches [65-68] to follow orientational changes of the labelled target in
addition to lateral displacements. So far, gold nanorods measurements in iSCAT have
materialised via confocal detection mode and by illuminating the sample with a light
source with a radially or azimuthally polarised donut mode [37, 69]. It is only a
matter of time and the choice of a system before the first high temporal resolution
and localisation precision measurements with gold nanorods emerge.

Finally, the most subtle advantage that iISCAT possesses, in terms of lateral track-
ing, is the access to indefinite observation times, irrespective of the temporal resolu-
tion and localisation precision. This means that it is possible to indefinitely monitor
a single system, with arbitrary localisation precision and temporal resolution, and
determine whether or not the observed, potentially sub-ms, dynamics change as a
result of other processes that may occur over a much longer time-scale. An example
of the above is the change in mobilities of the envelope proteins in an HIV virus
following maturation [70]. Here the limiting factor would be the amount of data
produced and its subsequent storage, but this can be addressed by processing the
images on the fly [71]. For instance the information from a particle in a megapixel
image, 1 MB, can be reduced to four 32-bit parameters (time, lateral position and
amplitude), which corresponds to just 16 bytes and thus constitutes a reduction of
almost five orders of magnitude in data load.

All these results demonstrate many of the fundamental advantages of iISCAT with
respect to other single-molecule optical microscopy approaches; namely the ability
to observe new dynamics and do so with a sensitivity that is beyond the reach of
current state-of-the-art approaches. In addition to the biological insight that this
technique may provide, it offers an outlook towards the new parameter space that
optical microscopy will soon explore and will eventually become routine in the study
of dynamics, much like the current single-particle tracking via the centre of mass.

2.5.2 Axial Localisation via Interferometry

Up to now the discussion has concentrated on lateral tracking; nevertheless motion on
the nanoscale seldom occurs in just two dimensions. Obtaining a more faithful picture
of the underlying dynamics of a system thus requires, to the very least, extending the
localisation principle along the optical axis. In fluorescence, axial localisation has
been achieved using the concept of either out of focus imaging [72, 73], multiplane
detection [74-76], or PSF engineering [77-82]. In the absence of PSF engineering,
the diffraction limited spot is approximately three times wider along the optical axis
relative to the focus plane, which correlates with a three times worse axial localisation
precision.

Although these approaches can be implemented in iSCAT, this technique intrinsi-
cally has the potential to perform axial localisation with equal or better precision than
its lateral counterpart [52]. Upon drawing the analogy of iSCAT with a Michelson
interferometer, whereby the reference arm corresponds to the reflection at the inter-
face and the scatterer to the test arm, the axial position of the scatterer must therefore
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be encoded within the signal contrast (Fig.2.7a, top panel). This comes as a result
of the difference in optical path lengths, OPL, between each electric field. Rewriting
the signal contrast solely in terms of a trigonometric functional form results in:

I = Inax cos Ag(z) (2.8)

where I;.x = 2|s|/|¢|. The above equation reveals that the phase difference between
both electric fields, A¢, modulates the signal contrast, represented by L. This phase
difference can be expressed in terms of an OPL component and an intrinsic phase,
¢o as follows:

4
Ap(z) = TOPL(Z) + o (2.9)

where OPL = Y n,z;. The term n corresponds to the refractive index of the material
situated between the glass interface and the centre of mass of the scatterer. Based
on Eq.2.9, it seems straightforward to extract the axial position from a sinusoidally
modulated signal, yet there are two main points that must be addressed.

Firstly, a complete signal inversion occurs for axial displacements on the order of
A /4n;, which in a medium composed of water and excitation at 530 nm corresponds
to approximately 100 nm (Fig. 2.7a, bottom panel). This means that a unique mapping
between axial position and contrast can only be guaranteed for a maximum range
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Fig. 2.7 Concept of axial localisation for iSCAT. a The axial position of a scatterer, z;, depends
on the optical path length difference between the scattered and the reflected electric field. Analogous
to a Michelson interferometer, changes in the optical path length in the test arm result in changes in
phase, which in turn modulate the signal intensity sinusoidally. For illumination at A = 532 nm and
for a sample immersed in an aqueous medium, a full signal inversion occurs at an axial displacement
of 100 nm. b Concept of the Gouy phase shift for a beam that passes through a point focus. The rate
at which the phase shifts strongly depends on the beam radius at focus, wg. ¢ Diagram illustrating
the effect of imaging at an out-of-focus position, z’, and how this value relates to the axial position
of a scatterer. Note how both the scattered and the reflected electric fields, with their respective
beam radii, accumulate a Gouy phase shift that depends on the value z’. This diagram assumes that
an image is in focus, 7 = 0, when the illuminating beam is focused on the surface of the sample
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of 100nm. In addition, as the signal inversion occurs, the contrast necessarily must
attain a zero value, which itself poses the issue that there exists a set of axial positions
that fall below the detection range of a measurement. As a corollary, this makes
the technique extremely sensitive to axial displacements and thus ideally-suited for
experiments where the motion of the scatterer is constrained within the first few tens
of nanometers away from the interface.

Secondly, in an experiment neither the value of maximum contrast, I;,,x, nor the
intrinsic phase contributions are defined. An obvious solution involves a calibra-
tion with particles fixed at controlled heights, as was recently demonstrated with an
experiment involving a more complicated interferometric scheme, originating from
a flow cell with a strongly reflective top surface. In this study, charged gold nanopar-
ticles, confined within an electrostatic trap provided by a nanoscopic pocket, were
tracked in three dimensions, information which was subsequently used to charac-
terise the underlying trapping potential [8, 83]. The two unknown parameters were
calculated from a two-point calibration over an ensemble of particles, where each
point of the calibration corresponded to gold particles immobilised to the exterior
of a pocket with a known depth [84]. Although this approach serves as a proof of
concept, extending such a calibration to a simpler illumination scheme is non-trivial,
simply because of the experimental challenge associated with precisely controlling
the height of a scatterer without introducing unwanted background scattering.

Moreover this calibration would only work at a precise focus position, given that
the intrinsic phase term is composed of a focus dependent phase contribution known
as the Gouy phase (¢©). The Gouy phase phenomenon can be explained on the basis
of the uncertainty principle, where the action of spatially confining a beam of light in
the transverse direction, by focusing, results in an increase in the spread of momenta,
which in turn leads to a phase shift [85]. The generality of this phenomenon dictates
that the Gouy phase is not unique to microscopes, instead it occurs for any numerical
aperture lens. For instance, assuming a point focus, a beam that has passed through
the focus acquires a —s phase shift relative to a plane or spherical wave travelling the
same distance. Although a phase shift of — /2 occurs precisely at the focal point, it
is of interest to know the rate at which this happens elsewhere along the optical axis.
The following equation describes such:

¢C(7') = —arctan ( * z/) (2.10)
i = 5 .

JTU)OJ-

where g and 7z’ refer to the 1/¢? beam radius at focus and the position of the sample
relative to the focus (z' = 0), respectively. Close inspection of Eq.2.10 suggests
that the Gouy phase is not only wavelength dependent, but also sensitive to how
strongly the beam is focused. Namely, a tightly focused beam will shift phase more
rapidly than a weakly focused one (Fig. 2.7b). In addition, the sign convention follows
from the assumption that the time-varying factor in the electric field is expressed as
exp(—iwt) for a given frequency w [86, 87].
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This discussion so far of the Gouy phase has only referred to the case of transverse
confinement of light by focusing, which is analogous to the phase evolution of light
diffracted by a small-sized aperture. However this does not cover the scenario of
phase evolution from a scatterer, which, following the same analogy, would be akin to
that of light diffracted by the complimentary shape of an aperture, i.e. an obstacle.
Babinet’s principle, where the sum of both complimentary diffracted fields at any
point along the optical axis equals the incident field, dictates that a scattering Gouy
phase exists, and that it has opposite sign to that caused by focusing [88]. This
statement has two subtle points that need to be mentioned when referring to iSCAT.
On one hand, in terms of absolute values, the scattering Gouy phase will only ever
acquire a maximum phase shift of /2 in the far-field compared to 7 for a focused
beam. On the other hand, the beam radius parameter will be different for each field,
which in the calculation of the phase difference between scattered and reference field
yields:

A A
() = pC — ¢C =arctan( 5 z/) - |:—7'r/2—arctan< 5 z’>:| (2.11)
ijO,s nwO,r

After algebraic manipulation using the identity,

u-+v
arctan(u) + arctan(v) = arctan (1 >
—uv

and under the approximation that 7/ < 100nm, Eq.2.11 reduces to:

#° (7)) = arctan [& (L + L) z’} +7/2 (2.12)
B 7 \wg, @5, '

wO,s

The previous derivations can be applied to all forms of iSCAT where a (nearly)
focused beam illuminates the sample area (Fig.2.7c¢). In the case of Koehler illumi-
nation the same results can be extended by considering the next two points. Firstly,
the incident beam is collimated at the sample, so the reflected beam undergoes no
Gouy phase change. However, due to the Koehler arrangement, the reflected beam
gets focused by the objective only to become later collimated by the imaging lenses,
thus acquiring a total —s phase shift. Secondly, the imaging lens in Koehler iSCAT
only focuses the scattered light onto the camera chip, which leads to a —m /2 phase
shift. Taking the difference of these two contributions yields a net shift of 77 /2, which
reduces Eq.2.11 to:

#%(Z') = arctan (ﬁ Lz’) +7/2 (2.13)
- . .

Ty
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The last contribution buried within the intrinsic phase refers to the retardation of
the electric field upon interacting with a particle. In the limit for small particles, A >
D, where the dipole approximation holds, the retardation phase alludes to whether
the induced dipole oscillates, and thereby radiates with or without a phase lag relative
to the incident electric field. The scattering phase can be calculated from the complex
valued polarisability, o, as follows:

Ima
¢sca = arctan (R_) (214)

cu

The limiting values for the scattering phase correspond to: 7 /2 for a particle in
resonance with the incident field, and O for a perfect dielectric particle or one excited
far away from resonance. The expression for the polarisability of a particle is similar
to the scattering amplitude shown in Eq.2.7. In the following equation, for ease of
determining the scattering phase, only the contributing terms from the expression of
the polarisability of a particle are written:

2 2
p~"m

X —S———
2 2
ng + 2ng,

n
2.15)

Here the dielectric constant of the particle and the material have been substituted
for the respective complex refractive index values, following the relation € = n>.
As an example, the scattering phase of a gold nanoparticle in water illuminated at a
A = 532nm can be estimated from the refractive index values of the bulk materials,
specifically: na, = 0.543 + 2.331i and n,, = 1.335, as ¢y, = 0.217.

Finally with all the phase contributions accounted for, the equation relating the
contrast of a scatterer with its axial position and the relative focus of the sample can

be written as:
’ 4r G/
IC(Zv Z ) = Imax Ccos 2 OPL(Z) + ¢sca + ¢ (Z ) (216)

To validate Eq. 2.16 with physical observations it suffices to analyse the behaviour
of the contrast signal when the sample is in focus, and the OPL is negligible. Three
general cases occur depending on the dielectric properties of the scatterer with respect
to the incident wavelength, specifically whether the particles are either: (i) resonant
(¢sca = m/2), (i1) non-resonant (¢s., ~ 0), or (iii) slightly off-resonant and possess
a complex valued refractive index (¢;., with values in between).

In the first case, the maximum contrast coincides with the particle being in focus
and the resulting signal corresponds to a dip in the baseline, which is interpreted as the
product of destructive interference. Moreover as the focus is displaced, so too is the
signal contrast and with it the SNR. Conversely, for non-resonant particles, when the
sample is in focus (approximately) no signal contrast is expected. However the vari-
ability of the Gouy phase with focus can be used to increase the signal for such weak
scatterers like viruses or QDs [63]. Metallic nanoparticles produce a non-negligible
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signal at focus, however, they only reach their maximum contrast at a position slightly
out-of-focus, as shown both experimentally [63] and theoretically [86].

Equipped with this understanding of the phase contributions and the commercial
availability of feedback-controlled sample stages with nm stability, it should be
possible to generate more robust calibration schemes to fully unleash the potential
of 3D-iSCAT. Studies so far have shown that iSCAT can deliver not only lateral, but
also axial localisation precisions far exceeding the current single-molecule optical
microscopy approaches. More importantly, these results highlight the prospective
new avenues of research, whereby small labels are used as nanoscopic probes of
underlying potentials. So far this approach has been applied to electrostatic traps
caused by nanoscale pockets, but extending it to the study of dynamic potentials
happening at liquid/liquid interfaces is an endeavour with great promise [89, 90].

2.5.3 Label-Free Imaging

Up to this point, emphasis has been placed on the use of nanoscopic labels to observe
the dynamics of a system. Yet, any object will elastically scatter a portion of the inci-
dent light, specifically if the refractive index of the material differs from its surround-
ing environment. This principle can be exploited to perform non-resonant-based
imaging, meaning that iSCAT measurements can be extended to any (bio)molecule
in the absence of any modifications.

In the context of biomolecules, proteins are an immediate choice for label-free
imaging applications due to their ubiquitous occurrence in biological processes, and
their significantly larger size compared to lipids and DNA. More often than not, the
size of proteins is measured in units of molecular weight rather than nanometres.
Therefore it is convenient to show the dependence of the contrast in terms of the
molecular weight and refractive index of a protein. One particular feature facilitates
this, specifically, that most proteins have on average the same partial specific volume
of v = 0.73cm? g~!, which is simply the reciprocal of the density [91]. By apply-
ing the conversion between molecular weight and volume, V = M,,/N,v, a direct
relation between the scattering contrast and the molecular weight of the protein can
be obtained:
b~ /im
Y ng +2nk,

n

s oM (2.17)

The above relation establishes the following rule of thumb: the iSCAT signal
scales linearly with the molecular weight of a protein. To put things in perspective
with the discussion of lateral tracking with AuNPs, a 20nm gold particle has an
approximate molecular weight of 50 MDa. Although this number is three orders of
magnitude larger than for small proteins such as bovine serum albumin (66.7 kDa),
there exist many macromolecular protein complexes with molecular weights in the
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tens of MDa range. This means that the same SNR can be achieved with these
complexes as with gold nanoparticles, and with it, the same temporal resolution and
localisation precision. The first piece of evidence for this claim was realised with
iSCAT under a Koehler configuration by the detection of immobilised microtubules
with a molecular weight per diffraction-limited area of 26 MDa [35]. However no
explicit characterisation of the signal contrast or comparison with AuNPs was made
in this study.

Experimental confirmation of the above statement resulted from the study of
SV40 virions and virus-like particles, which have the same structure as the virions
but without the viral genome, on a supported lipid bilayer [92]. In this work, each
of these particles was laterally tracked and their signal contrast characterised with
respect to 20 nm gold particles. Specifically, the signals for SV40 virions, SV40 virus-
like particles and 20nm AuNPs were: 3.00 £ 0.87%, 1.28 0.25%, and 2.61 £
0.65%, respectively. Although the exact value of the contrast will depend on the setup
configuration, this experiment established a link between the molecular weights of
a 20nm AuNP (50MDa) and an SV40 virus-like particle (15MDa). As a result,
we can now estimate the contrast of any protein! A follow-up experiment at higher
frame rates and localisation precision, performed simultaneously with fluorescence
detection, was conducted to study the interactions and underlying dynamics of SV40
virus-like particles with a supported lipid bilayer doped with the target receptor
GMI [55].

Beyond the context of tracking and the detection of (bio)molecules, label-free
imaging can be extended to systems that undergo nanoscopic refractive index
changes, given the extreme sensitivity of this technique to such variations. Applica-
tions exploiting this sensitivity have been numerous and diverse, ranging from the
study of cell adhesion, [49, 50, 54] identification of nanoscopic domains in model
membranes (to be published), to nanoscale self assembly processes such as the for-
mation of supported lipid bilayers [93].

All in all, these experiments serve as foundations for future experimental endeav-
ours and provide us with a glimpse of what is yet to come. Nevertheless two immediate
questions come to mind, specifically: how small a protein can iSCAT detect, and can
iSCAT have applications beyond the realms of biophysics? Chapters 6 and 7, aim at
providing answers to these questions.

2.6 Conclusion and Outlook

Regardless of the system, this chapter has shown that the ultimate limiting factor
for any iSCAT experiment is shot noise, whether it is the quest for high temporal
resolution, localisation precision, sensitivity or all three combined. This implies
that effectively the photon flux incident on the sample determines the boundaries
of any experimental performance. To assess this effect, Fig.2.8a shows theoretical
predictions of localisation precision, for different-sized gold particles, as a function
of illumination intensity for an exposure time of A# = 100 s to enable a meaningful
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comparison with fluorescence. A natural question arises from this statement: at what
point does the incident photon flux fail to provide shot noise-limited behaviour in
the detection?

In the case of fluorescence, the answer is, when the single emitter reaches optical
saturation or photobleaches, whichever happens first. For Fig.2.8a, only the effects
of optical saturation were considered and are represented by the levelling-out of the
curve. Although iSCAT does not suffer from these drawbacks, the previous statements
hint at the source of these limitations: the interaction of light with the sample, in
this instance, the scatterer. Up to now, the effects of the incident photon flux on the
properties of the scatterer and its surroundings have been neglected. Considering that
gold nanoparticles not only scatter light but also absorb a fraction thereof, localised
heating will eventually pose a problem, especially if the interaction with light is
resonant [94-96]. In Fig.2.8b the rise in temperature due to heating of the gold
nanoparticle has been calculated based on theoretical models [94]. In addition to
thermal effects, gold nanoparticles have been attributed as a source of hot electrons,
which depending on the system, can be considered disruptive, as in the case of
DNA [97], or advantageous, for example by serving as a local trigger of chemical
reactions [98].

Overall, Fig. 2.8 serves as a guide to determine whether the combination of local-
isation precision, temporal resolution and label size for a certain experiment is feasi-
ble. As an example, achieving 1 nm precision with a 20 nm AuNP at an exposure time
of 10 s requires at least an incident intensity of 70kW/cm?, which leads to a local
temperature rise at the surface of the gold particle of 3 K. In light of these limitations
we can ask whether it is possible to do better, and if so, how? One option involves the
use of a silver nanoparticles, which require even less incident power due to the higher
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Fig. 2.8 Theoretical limit of localisation precision and temperature considerations. a Local-
isation precision dependence on incident illumination from different techniques based on current
literature for 100 s exposure time for different-sized gold nanoparticles. b Theoretically calcu-
lated maximum temperature increase on the surface of a single spherical nano-particle induced by
absorption of incident light at 532nm [94]. Inset: schematic of heat dissipation as a function of
distance
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scattering cross-section, but come at the expense of an increased absorption cross-
section and issues with photo-oxidation. Another approach consists in either using
non-resonant particles or illuminating at wavelengths far off resonance, specifically
further to the red to minimise photodamage.

This chapter has provided a comprehensive review of iSCAT, both from an exper-
imental and theoretical perspective and has outlined the strengths and weaknesses of
the technique. The increase in temporal resolution, whilst keeping localisation preci-
sion on the order of nanometers, marks an improvement of more than three orders of
magnitude compared to state-of-the-art single-emitter-based techniques. In addition,
with the improved sensitivity to perform non-resonant detection, iSCAT promises to
become a universal tool for the study of nanoscopic dynamics and potentials.
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Chapter 3 ®)
Experimental Methods i

This chapter outlines the experimental methods used throughout this thesis. All work
presented in this chapter was performed by myself.

3.1 Experimental Optics and Hardware

The work presented in this chapter and all subsequent chapters were mainly
performed on an optical setup that possessed: three iISCAT channels, a sample focus
feedback channel and many optional fluorescence channels as described in Fig. 3.1a.
This arrangement allowed iSCAT to serve as a tool to investigate nanoscopic dynam-
ics over more than five orders of magnitude in time, under off- or on-resonant con-
ditions for gold nanoparticles, and across multiple fields-of-view varying from the
diffraction-limited to 30 x 30 wm? areas. The focus feedback channel converted the
detected signal into the axial position between coverslip and sample, which was
subsequently used to stabilise the focus position to within a nanometre. Lastly, the
optional fluorescence channels were used for correlative experiments and to test
artefacts induced by larger-sized labels.

The microscope was assembled on a table with active stabilisation, which min-
imised the coupling of low frequency noise from the environment to the microscope
system and allowed for sub-nm tracking precision. The objective, the most sensitive
optic of the setup, was fixed to a heavy stage to dampen vibrations and improve
the overall stability in the measurements. This was implemented by boring a hole
into an aluminium breadboard held by four large pedestals and then threading the
hole with a mount complementary to the objective. An Olympus PLAPON 60X0
infinity-corrected oil-immersion objective was chosen for this setup due to its high
numerical aperture (1.42) and large back-aperture associated with the relatively low
60x magnification. The preference for a high numerical aperture was based on an
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intrinsically higher collection efficiency of scattered light; whereas the large back-
aperture facilitated the alignment process. To suppress background light and beam
pointing instabilities associated with temperature gradients and air currents, the
whole setup was enclosed into compartments.

As coherent illumination sources, three laser diodes each with a distinct wave-
length (A = 445, 532, 635 nm) and without a fan unit were selected on the basis of
their lower coherence length, mechanical stability and cost-effectiveness in terms of
power output relative to other laser modules. The blue laser excitation was primarily
used for label-free and wide-field-of-view experiments, due to the increased scatter-
ing amplitude from non-resonant objects as expected from a 1/A? dependence. The
green and a portion of the red excitations were mostly applied for high-speed on-
and off-resonant imaging of gold nano-particles. The remaining fraction of the red
excitation served as the feedback channel input.

As detectors in the interferometric channels, two high-speed CMOS cameras
(Photon Focus MV-D1024-160-CL-8, Lachen, Switzerland) were chosen because of
their higher achievable frame rates, versatility in the selection of region of interests,
large full-well capacities, and generally lower cost than their EM-CCD counterparts.
Specifically, the main selection criteria were the minimum frame time of 19 ps and
the large full-well capacity, i.e. the number of photo-electrons each pixel can detect
before saturation. These criteria defined the choice of magnification, and, as a result,
the maximum achievable sensitivity per image.

For most applications, the aim was to achieve pixel-to-pixel signal variations on
the order of 0.1% with an effective pixel size on the order of 80—100 nm. Under the
assumption of a shot noise-limited measurement, 0.1% variations imply the collection
of 10° photons per pixel. Unfortunately, most CMOS sensors lack such dynamic
range and instead possess full-well capacities in the tens to hundreds of thousands
of photoelectrons. Nevertheless, pixel binning can increase the full-well capacity
to several millions of photoelectrons by making an effective super-pixel. For the
Photon Focus camera the well depth of 200,000 photoelectrons was turned into one
approaching 10° photoelectrons by spatially binning 3 x 3 pixels. This required the
magnification to be modified, such that the effective pixel size of the sensor was on
the order of 100/3 = 33 nm.

Experimentally the magnification was modified by using an imaging lens with a
different focal length to the one specified by the objective as the tube lens length. In the
case of the PLAPON objective and a 1000 mm imaging lens, an overall enhancement
of 5.55 (1000 mm/180 mm) was achieved, thus yielding a 333 x magnification, which
for the pixel size of the camera of 10.6 wm translates into an effective image plane
pixel dimensions of 31.8 nm. In the case of high-speed imaging applications, a
magnification of 100x was sufficient. This allowed larger fields-of-view and also
effectively decreased the camera frame time given that fewer pixels had to be read
out.

With regards to the sample mount and translation stage, the following criteria were
considered for the respective hardware components: firstly, the axial positioning of
the sample should be fine-tunable and stabilised to within a couple of nanometres by
active feedback; secondly, the stages should not introduce or should allow correction
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Fig. 3.1 Microscope setup. a Schematic of the setup. QWP: quarter wave-plate PBS (Thor-
labs, AQWPO5M-600): polarising beam-splitter (Thorlabs, PBS201), BS:beam-sampler (Thor-
labs, BSF10-A), DM1: dichroic mirror (Thorlabs, DMLP605), DM2: dichroic mirror (Thorlabs,
DMLP505) b Side-view illustration of the sample stage and objective mount. KM: kinematic mirror
mount (Liop-tec, SR100-100R-2-BU), S: sample stage; OCM: objective coupling mirror (Thorlabs,
BBO05-E02)

for sample tilt; and thirdly, sample displacements in the image plane should not affect
the focus. Thus, for lateral control, a two-axis manual translation stage (OptoSigma
122-0245, 120 mm x 120 mm) fit with 17.4 wm travel range actuators (Thorlabs,
AEO0505D16F) was mounted directly on the breadboard where the objective was fixed
(Fig. 3.1b). For focus control, a single-axis translation stage with a differential manual
adjustment and a piezo element allowing 20 wm travel-range (Thorlabs NFL5DP20)
was fixed on top of the 2D translation stage with an L-bracket. As the sample mount,
a 7mm thick aluminium block with a 40 mm hole and two holding pins was used. To
enable precise tilt correction, the sample mount was attached to the vertical translation
stage via a high stability kinematic mirror mount.

3.1.1 Interferometric Scattering Channel

Implementation of the iISCAT channels is composed of three main phases: alignment
of the excitation arm in the absence of any lenses other than the objective, alignment
of the detection arm, and placement of the remaining lenses. For the sake of gener-
ality I first outline the overall process for an non-scanned illumination achieved by
underfilling the objective with a collimated beam; and then elaborate on the specific
details involved with Koehler and confocal beam scanning illumination schemes.
Regardless of whether the illumination is scanned or non-scanned, the laser output
was cleaned and turned into a Gaussian-like mode by either coupling into a single-
mode fibre or spatially filtering the beam through a pinhole. This served the role of
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transforming all beam instabilities into intensity fluctuations, which can be accounted
for by normalisation. The cleaned beams were then collimated to a diameter of
approximately 4-5 mm full-width at half-maximum. The small diameter ensured
that the beam under-filled the objective and was smaller than the acoustic aperture
size of the acousto-optical beam deflectors (5 mm). Special care was taken to have
all beams travel straight and in a plane parallel to the optical table before introducing
the objective coupling mirror, i.e. a mirror placed at a 45° angle.

As the critical step, the beam reflected by the objective coupling mirror was
aligned so that it travelled straight and through the centre of the objective. To achieve
a straight vertical beam-path a pendulum was hung from the ceiling directly above the
objective coupling mirror and a target was marked in its place (ceiling). The ceiling
target served as arough guide to direct the beam vertically upwards with the objective
coupling mirror. To centre the objective onto the beam, firstly a long focal length lens
was introduced into the excitation arm without causing beam displacements. Next,
the objective was inserted into the vertical beam-path and moved until no beam
displacements were observed relative to the ceiling target. If the beam projected onto
the ceiling was too large, the position of the long focal length lens was changed until
the smallest area was projected onto the ceiling. At this point it was deemed that the
lens focused the beam into the back focal plane (BFP) of the objective.

As a fine-tuning step in the absence of the BFP lens, the objective was removed
and a flat mirror was inserted in its place with the premise that if the vertical beam
path was straight, the reflection from the mirror would overlap with the excitation
arm (the beam would come back on itself). If not, only the objective coupling mirror
was adjusted until both beams overlapped. Then, with the vertically-placed mirror
removed, the target in the ceiling was updated to the position projected by the beam.
Finally, the objective was re-centred by iterating through the previously mentioned
procedure. Alignment of the microscope system, to be interpreted as the incident
beam travelling straight through the centre of the objective, was checked by imaging
a coverslip sample and looking at the resulting beam profile in the detection arm with
acamera. The microscope was deemed correctly aligned when the profile of the beam
focused concentrically, with radial symmetry and without lateral displacements as
the sample was brought in-and out-of-focus.

The detection channel was aligned by first picking off the reflection from the
beamsplitter, in this case the image, and ensuring that the beam travelled straight
and in the plane parallel to the table with the aid of at least two mirrors mounted
on high precision kinematic mounts. Next, the cameras were aligned such that the
beam hit precisely the middle of the sensor chip, and the plane of the sensor was
perpendicular to the imaging path. With the choice of magnification in mind, the
imaging lenses were introduced at the appropriate focal distance away from the
camera sensor. It is worth remarking that the imaging lenses were placed as close
as possible to the objective to improve the scattering light collection and reduce the
loss of numerical aperture. Proper positioning of the lenses was met by two criteria
of the beam profile imaged on the camera. On one hand, the distance between the
lens and the camera sensor was deemed correct when the beam profile had the
largest intensity and smallest area for an incident collimated beam, a process known



3.1 Experimental Optics and Hardware 41

AOD A

f 2f f f!

Fig. 3.2 Telecentric imaging. Ray tracing diagram of the 4f-geometry involved in a telecentric
relay imaging system. A: area scanned with the AODs; A/: scanned area in the image plane

as infinity-correction. On the other hand, correct placement of the lens to minimise
introduction of optical aberrations, such as coma and astigmatism, was verified when
the centre of mass of the focused beam did not change relative to beam profile in the
absence of the imaging lens.

Finally with the detection and excitation arms aligned, the remaining lenses were
introduced one-by-one into the beam path always verifying that no beam displace-
ments had occurred. For example, a single lens in the excitation arm, positioned a
focal distance away from the BFP of the objective switched the non-scanned illu-
mination from pencil-like confocal to Koehler. For larger fields-of-view in Koehler
illumination, the initial beam diameter was expanded by a telescope composed of a
lens-pair.

In the case of beam scanning confocal illumination, three additional optical ele-
ments were introduced: a telecentric lens system, two acousto-optical beam deflec-
tors (Gooch and Housego, 45100-5-6.5Deg-.51-XY) and two mirrors fixed into
high-precision kinematic mounts. The telecentric lens system was composed of two
400 mm focal length lenses arranged in a 4-f geometry with respect to the BFP of
the objective and the middle point between the two AODs as depicted in Fig.3.2.
This lens system relayed the beam deflections from the AODs into the BFP of the
objective.

The AOD alignment was achieved in three steps. First, the collimated output
from the laser was directed in a straight line and in a plane parallel to the optical
table. Second, one AOD was placed in the beam path and then the angle of the
crystal element was adjusted so that the output of the first diffraction order was
maximised to about 70% of the incident power. Note that the AODs only efficiently
diffract if the incident polarisation is parallel to the acoustic wave propagation, and
the output polarisation is rotated by 90°, so introduction of a half-wave plate before
the first AOD may be required to achieve the optimal transmission efficiency. Third,
the remaining AOD was positioned and its output power optimised by adjusting
the angle of incidence between the face of the crystal element and the first order
diffraction from the first AOD. The two adjustable mirrors were placed immediately
after the AODs to compensate for the change in height and direction associated with
the AODs, and thereby ensure that the non-scanned deflected beam travels straight
and in a plane parallel to the table.
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3.1.2 Focus Control Feedback Channel

Two different versions of the feedback channel for focus stabilisation were imple-
mented based on the principle that changes in focus position, the distance between
the sample and the objective, translate into displacements of the profile of a total
internally reflected beam imaged onto a camera (Fig.3.3). In the first version, a
fraction of the collimated output from a single-mode fibre-coupled red laser was
picked off using a beam-sampler and then focused onto the BFP of the objective
using a combination of a lens, another beam-sampler, and two adjustable mirrors,
one of which was mounted on a linear translation stage. Total-internal-reflection in
a slightly off-axis orientation was achieved by translation of the stage, followed by a
small re-adjustment in the deflection angle of the mirror mounted on the stage. The
total-internal-reflection was then imaged onto a camera (PointGrey, Firefly USB 2
CMOS) with a cylindrical lens rather than a normal lens to increase the SNR in deter-
mining the centre position of the beam. It was crucial that the TIR was achieved in an
off-axis position, otherwise the cylindrical lens would make the projected image on
the camera insensitive to lateral beam displacements. Information regarding the focus
position was encoded to a specific beam displacement on the camera (Fig. 3.3b). This
position was determined by calculating the centre of mass of the linear profile of the
beam after summing over all camera rows. As a limitation, this feedback channel
was very sensitive to beam-pointing instabilities and air currents, as these caused
unwanted beam displacements, which could be mistaken for changes in focus.

In the second and simpler version, a collimated beam, with a size comparable to
the back-aperture of the objective, was directed into the objective. The resulting back-
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reflection signal was dominated in intensity by the total-internal-reflection, resulting
in a ring-like profile. Proper alignment of the incident beam corresponded to when
the ring profile had a radially symmetric intensity profile. This ring profile was then
imaged onto the camera. In this case, the focus position was encoded within the
diameter of the ring; thus eliminating beam-pointing artefacts (Fig.3.3b). The ring
diameter was determined by first finding the centre of mass of the ring via a radial
symmetry algorithm, then mapping all the pixel positions to polar coordinates, and
finally finding the centre of mass of the radial coordinate distribution, which results
in a similar linear profile to the previous version.

3.1.3 Single-Molecule Fluorescence Channel

One of the great advantages of iSCAT is its compatibility with fluorescence and its
ease of implementation on already existing custom-built or commercially available
epi-fluorescence or TIRF microscopes. In principle, a single dichroic mirror in the
beam path can be used to couple in a fluorescence channel, as long as it can separate
the wavelength used for iSCAT from both fluorescence excitation and emission spec-
tra. In the current setup, multiple implementations of fluorescence microscopy were
possible, given the range of dichroics and types of illumination: epi-, total-internally-
reflected and confocal beam scanning fluorescence. The fluorescence emission was
detected by the addition of a bandpass filter in the high-speed imaging channel. To
achieve total-internal-reflection illumination at the glass-water interface, the excita-
tion source was focused into the back focal plane of the microscope objective and
displaced laterally.

3.1.4 Sample Stage Stabilisation

For axial stabilisation, first a calibration between applied voltage to the piezo element
in the stage and the feedback signal was performed by stepping through the focus in
discrete amounts and allowing the collection of at least 20 data-points per position.
The applied voltage was linearly mapped to a corresponding focus position. The
average feedback value recorded for each step was plotted against the mapped focus
position and fit to a linear model. This calibration then, enabled the relation of the
feedback signal to a focus position in real time. For focus stabilisation, a user-selected
position was locked onto by initially setting: a target position value, z¢; a minimum
threshold criteria for sensitivity, §z; a gain parameter, g; and a linear transformation
function that mapped the change in position into an input voltage, /(z). Here the gain
parameter determines how quickly the feedback loop converges to the target value,
and is analogous to tuning the damping ratio parameter for a system modelled as a
damped harmonic oscillator [1]. If the gain value was too high, oscillatory behaviour
was observed typical of an underdamped system; if it was too low, the response time



44 3 Experimental Methods

was too slow to actively stabilise the focus, analogous to an overdamped system.
This parameter was determined experimentally by trial and error and was dependent
on the active feedback rate. The active feedback function for applied voltage to the
piezo element can thus be described by the following pseudo code:

_ Jh(g x(z—20) 1|z — 20l = 8z
f(v)_{o Dz —zol < 8z

The same procedure was followed for lateral stabilisation, with the exception that
the sample was stepped within the image plane rather than through the focus. The
feedback signal was either extracted from the position of one or several immobilised
objects in the sample or via the cross-correlation between a target and a probe image,
a topic further detailed in the self-referencing subsection.

3.1.5 Camera Characterisation

The response of the camera to light can be summarised by three major parameters:
the gain (k), the well depth and the total noise. Together all these three parameters
determine the sensitivity and overall performance of an experiment. These parameters
were extracted by calculating the photon transfer curve of the camera [2]. The photon
transfer curve is based on the analysis of the total noise of the image as a function
of different photon fluxes, under the assumption that the total noise of an image is
composed of three major sources: read-out, related to the electronics of the camera;
shot, related to stochastic nature of light; and fixed pattern, related to temporally
invariant fluctuations in the photon response of each pixel. All these sources add
together in quadrature to provide:

t20t = 01% + G.? + GI%PN 3.1

o

Given that a camera records the signal intensity, S, in arbitrary digital units, the
fixed pattern noise is quantified as a fraction, Py, of the signal, and the total photon
count per pixel is related to the gain by N = kS. The above relation can be expressed
in digital units as a function of signal intensity:

1
ol (S) =0z + oS+ Py?S? (3.2)

Moreover if two images are taken under the same illumination conditions, the
fixed pattern noise is constant and the total noise in the resulting differential image
is:

o5r(S) =2 (a,% + %S) (3.3)
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Fig. 3.4 Characterisation of the photon response of the camera. a Noise contributions present
in the difference between two evenly illuminated images offset in time by At. Scale bars: 2 pm. b
Photon transfer curve obtained by calculating the variance in signal from differential images taken
at different illumination intensities. Solid line represents the best fit to a straight line. ¢ Same curve
as in (b) but shown in log-log form to highlight the read-out and shot-noise dominant regions of
the camera. Dotted lines refer to the pure read-out noise and shot noise contributions

From the above relation, the read-out noise, the gain of the camera, and the well
depth can be extracted by fitting a linear function to a plot of the variance in the signal
of a differential image as a function of different incident photon fluxes. In practice,
the data for the photon transfer curve was acquired by homogeneously illuminating
the camera chip with a torch and taking sequences of images at different intensities,
all whilst keeping the exposure time constant. To calculate the photon transfer curve,
first the camera offset counts were removed from each image. Next, pairs of images
with the same average intensity value were subtracted from one another (Fig. 3.4a).
Then, the variance of the differential image was determined, and the average value
for pairs of images with the same intensity was calculated and plotted (Fig.3.4b).
Finally, after extracting the parameters from the photon transfer curve analysis, the
shot noise-limited regime of the camera was determined by transforming the previous
plot, together with the corresponding fit, into a log-log scale graph, and identifying
a kink in the best-fit photon transfer curve (Fig.3.4c).
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The parameters extracted from the photon transfer curve of one of the two CMOS
cameras used in all experiments were: og = 191 photo-electrons/pixel, k = 55 pho-
tons/digital unit and a well depth of 202,000 photo-electrons, in agreement with the
camera manufacturers specifications.

3.1.6 Operation and Synchronisation of the Acousto-Optic
Beam Deflector

Confocal beam scanning illumination can be achieved by different types of beam
deflection devices: resonant scanning mirrors, electro-optic deflectors and acousto-
optic deflectors. In the setup, the acousto-optic deflectors were chosen due their higher
scanning rates compared to resonant scanning mirrors and lower cost compared to
electro-acoustic modulators. The scanning rates of the AODs, on the order of a couple
of hundred kHz, allowed imaging with exposure times as low as 0.4 ms.

To ensure that the pattern scanned by the beam was the same for each image,
which translated into a constant illumination profile, the function generators were
phase-locked and operated in burst mode during the exposure time of the camera.
Burst mode denotes that the beam deflections occur only for a number of cycles
determined by the exposure time of the camera. To synchronise the AODs with the
camera, the function generators were externally triggered by the frame-grabber of the
camera each time the camera started an exposure (Fig. 3.5a). Failure to synchronise
the data acquisition resulted in time-varying beat patterns in the images caused by
the drift in phase between the two orthogonal beam deflection units operating at
different frequencies. As an alternative, the function generators could instead trigger
the camera and the AODs, thus synchronising the data acquisition process.

(a) (b)

Ui W""V |
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Fig. 3.5 Concept of AOD synchronisation and beam scanning illumination. a Triggering
sequence for AOD synchronisation with respect to the camera frame time. The AODs only scan
while the camera is exposing, and do so at slightly different frequencies. b Resulting scan pattern
across the sample during a single exposure
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Each AOD required a radio frequency module, which itself was connected to
an arbitrary function generator. These function generators controlled the amplitude,
offset, shape, and frequency of the scanning. Specifically for most experiments the
two AOD channels were scanned in a sawtooth fashion at 83 and 79 kHz, respec-
tively. Both the absolute and relative frequencies were chosen to induce the smallest
detectable fluctuations in the background light intensity on the time-scale of the cam-
era exposure time. For a non-scanned beam with FWHM of 1 pm few tens of scans
over an area of 10 x 10 jum? were sufficient to generate a highly uniform illumination
(Fig.3.5b). At the given scan speeds, this process only takes ~100 s, much faster
than the shortest exposure time. Any spot broadening induced by the limited speed
of the acoustic wave in the deflector only served to further smooth the illumination.

3.1.7 Data Acquisition

Data from each camera was acquired continuously under a ring buffer mode using
custom-written software in LabVIEW. The ring buffer acquisition is analogous to
transferring frames into a list with a finite length, which, when filled, gets overwritten
element by element (Fig.3.6). This has the advantage that individual frames are
temporarily locked and thus can be transferred to memory before being overwritten
by the next frame, thus allowing for more stable data transfers and real-time image
processing.

However ring buffer mode acquisition alone does not guarantee full synchronisa-
tion between the frame-grabber hardware and the camera at all frame rates, as this
depends on the deterministic time-scale of the interfacing hardware. For computers
this time-scale is on the order of milliseconds and for field-programmable gate arrays
(FPGA) platforms, it is on the order of tens of microseconds. This can be explained

Normal Frame bin

1x

Index number

Fig. 3.6 Basics of ring-buffer data acquisition. Schematic illustrating acquisition of data via a
ring buffer of 16 elements. In a normal execution, each new frame is mapped to a position within the
ring. Once the whole list is full, the next frame will overwrite the first element in the ring buffer and
so forth. In the case of frame binning, frames are written in blocks of size determined by the frame
bin, which for the above diagram is four. The advantage of frame binning is that the acquisition and
subsequent reading of the data is sped up
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by considering the basics of ring buffer acquisition: to extract a frame, the computer
must poll the ring buffer and find the element containing the image. However the
polling rate is limited by the deterministic time-scale, and as a result the computer
lags behind the camera; thus causing loss of information and synchronisation.

To circumvent this problem and to continuously acquire data at almost two
orders of magnitude faster speeds than the deterministic time-scale of a computer,
a hardware and a software solution were proposed based on the concept of reading
multiple frames at a time. The hardware solution consisted of directly transferring
data from the camera in packets containing a set amount of frames, termed frame
bins. In the software solution, data was extracted from the ring buffer in frame bins
by polling that data in integer multiples of the frame bin. As a result the ring buffer
length was set to an integer multiple of the frame bins.

To save a sequence of images, first a fixed amount of space in the random-access
memory, RAM, was previously preallocated, typically on the order of 2 GBs. Next,
during the acquisition process, frames were streamed into the preallocated space in
RAM before finally being saved to the hard-drive. RAM streaming was necessary
because direct data transfer to the hard-drive was too slow relative to the rate of data
acquisition and as a result caused loss of synchronisation between the camera and
the computer.

The synchronisation between the camera and the frame grabber was benchmarked
by recording a sequence of images where a beam was scanned in one direction
with an AOD at two known frequencies, thus producing a beat pattern. Specifically,
one of the AODs was scanned sinusoidally at a frequency of 2000Hz with a 70%
sinusoidal amplitude modulation at a frequency of 200 Hz. The beating pattern time-
trace was retrieved from the sequence of acquired images from the average intensity
within a region of interest (Fig.3.7a). The input frequencies were then determined
by fast Fourier transforms of the retrieved beat pattern trace (Fig.3.7b). No frame
skipping was evident when the input and retrieved frequencies matched and the
higher harmonics were identified. Anomalous data acquisition was identified when
the Fourier transforms contained additional peaks that did not coincide with the input
frequencies or their higher harmonics. As a further proof, an intensity map obtained
by dividing the time traces into evenly spaced segments was plotted (Fig. 3.7c). Frame
skipping was identified by sudden phase jumps or irregularities in the beat pattern
time trace.

3.2 Experimental iSCAT Microscopy

3.2.1 Image Processing

Regardless of the wide-field detection approach used in iSCAT, the acquired raw
images contain static features that are intrinsic to the microscope system and yet
extrinsic to the sample; thereby compromising the sensitivity of the instrument.
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Fig. 3.7 Verification for continuous high-speed data acquisition. a Input and retrieved beating
pattern from a beam scanned sinusoidally in one dimension at a frequency of 2000 Hz with a 70%
sinusoidal amplitude modulation at a frequency of 200 Hz. b Fast Fourier transform of the retrieved
time trace showing the input frequencies of 2000 and 200 Hz and their respective harmonics. ¢
Intensity map obtained by dividing the beating time trace into evenly spaced 1 ms segments. Notice
the continuity of the beating pattern throughout the 1 s acquisition

These features result from non-uniform illumination, non-uniform pixel response
(fixed pattern noise), spurious back-reflections, unwanted interference between back-
reflections and imperfections found on the optical elements of the setup. These time-
invariant features do not change as a function of lateral sample displacement. Isolation
and subsequent removal of these signatures was performed by a process known as
flat fielding, which was performed by normalising the raw images by a temporal
median image (Fig. 3.8a). The temporal median image was determined by recording
a sequence of images that satisfied two specific conditions. Firstly, the focus position
of the sample must remain constant as some of these signatures are focus dependant.
Secondly, the speed of the lateral displacement must be sufficient so that on aver-
age each pixel does not contain information from a specific sample feature (e.g. 10
pwms~! at 100 Hz). Thus, computing the median for each pixel generates a repre-
sentative background image lacking any sample specific features (Fig.3.8b). Given
that this image was generated from the recording of several tens to a hundred indi-
vidual images, shot noise induced background fluctuations are significantly reduced
compared to single acquired images. The noise levels were further minimised by
binning multiple frames together before calculating the temporal median. Finally,
normalisation by the temporal median image not only dramatically improves the
image contrast by removing all stationary background features, but also does not
introduce any additional noise into the image (Fig. 3.8c).

Flat-fielding only takes care of the static features in the background. In addition,
the large dependence on focus position stability during its generation, and its appli-
cation to a very narrow range of sample focus position, severely limits the extent
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Fig. 3.8 Flat-field correction. a Raw, median and median-divided iSCAT images. The raw iSCAT
image displays an inhomogeneous baseline due to uneven illumination and other background
sources. b Kymographs of x- and y-cuts through the image recorded as the sample is translated left
to right. Both display stripes, which are indicative of sample-independent background contributions.
Scale bars: 1 um. ¢ Division of the raw (orange) by the median (blue) drastically reduces the image
background as illustrated for a horizontal cut marked in (a). d Removal of additional large-scale
features due to slowly varying fluctuations by pseudo flat-fielding. Scale bars: 5 wm

to which it can recover the quality of the image. Under real experimental condi-
tions, other time-varying signal fluctuations exist, such as unsynchronised AODs,
laser mode hops, sample focus drift and large out-of-focus scattering signals, that
lead to inhomogeneous baselines and image corruption. In general all these features
correspond to slowly varying signals extending over areas much larger than a typical
point-spread function, and thus can be extracted by an additional image processing
tool, which we denote pseudo flat-field (Fig. 3.8d). The pseudo flat-field uses a band
pass filter obtained by setting a kernel with a size significantly larger than the typ-
ical point-spread function, and with the operation to calculate either the median or
mean. The result, is an image that collects features that are larger than those defined
by diffraction limited spots. Much like the flat-field case, division of the pseudo
flat-field image improves the image quality and produces an image with the most
homogeneous baseline.
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Regardless of the above image processing, intrinsic sample features such as
angstrom-level surface roughness contribute to a scattering background that lim-
its the achievable signal to noise ratio required either for high localisation precision
or bio-sensing measurements. Fortunately, this scattering background is constant and
can be removed by two distinct yet complementary approaches: dynamic imaging
and differential imaging (Fig.3.9). In dynamic imaging, particles of interest that
are mobile are treated as foreground elements and extracted from the rest of the
image, considered as the background element. There are a myriad of algorithms that
can be borrowed from the field of machine vision to differentiate background from
foreground elements in an image [3-5]. In the simplest and least computationally
demanding scenario, which, is when nano-objects move sufficiently enough, so that
on average they spend less than half of the time on the same pixels, the static back-
ground elements can be extracted and removed by a temporal median approach. This
temporal median image contains all the static features of the sample. Subtraction
of this median image from the rest of the data set yields differential images dom-
inated by shot noise and composed of dynamic features in the sample (Fig.3.9a).
For extremely weak scatterers, shot noise dominates the signal, but the SNR can be
improved by pixel binning and temporal averaging as discussed above.

The effectiveness of dynamic imaging is closely related to the speed at which
the object moves and the time resolution employed. To illustrate this, consider the
2D Brownian diffusion of a small label imaged at a frame rate of 1000Hz for an
observation time of 1 s. In order for temporal median filtering applied to dynamic
imaging to efficiently identify and subsequently remove all static features, the mobile
object must move a distance at least three times the radius of a diffraction limited
spot (DLS) away from its starting point in 500 ms. For high NA objectives the full
width at half maximum of a DLS is on the order of 200 nm, therefore we require
the PSF of the object to have moved (0.6 pm)?> = 0.36 um? in 500 ms. Using the
relation MSD = 4Dt we can conclude that the diffusion coefficient of the object must
be on the order of 0.18 um?s~! or above for dynamic imaging to perform optimally
under temporal median filtering.

Dynamic imaging is prone to fail when the signals of interest are immobile, for
example when detecting very small particles such as single proteins in a bio-sensing
assay or phase transitions at the nanoscale. If the immobile features possess the
characteristic akin to an active and inactive state, such as the binding or unbinding of
an analyte, differential imaging can be applied to generate shot noise-limited images
with the signal of interest. Figure 3.9b shows two iSCAT images, one recorded at
time t and the other at a fixed time interval, At, later. Subtraction of the former
image from the latter removes all stationary features from the image and reveals
any dynamics in the sample occurring during the specified interval. Sample drift and
time-varying signals from background scatterers limit both approaches, but as long
as these processes happen in a time-scale much slower than the rate of generation of
the scattering background they are considered to be inconsequential.

Ultimately, image processing does the critical task of transforming the raw data
into shot noise-limited images containing diffraction limited spots that greatly resem-
ble data acquired under a state-of-the-art single-molecule fluorescence microscope.
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Fig.3.9 Removal of the static background. a Concept of dynamic imaging: An image containing
purely stationary iSCAT features, obtained by taking the median or averaging over a sequence
containing M iSCAT images, is subtracted from the raw image sequence to yield a set of images
containing only mobile features. The resultant images with mobile features can then be averaged
in N bins, to increase the SNR. Note the 30-fold reduction in the intensity scale of the final image.
Sample type: actin filaments immobilised on a glass surface with processive myosin 5a molecules
in the presence of ATP. b Concept of differential imaging: sets of images offset by a time At are
subtracted to yield differential images that contain features that only appeared within the said time
interval. These differential images are also averaged to increase the SNR. Sample type: deposition
of -synuclein monomers onto a bare glass coverslip. Scale bars: 1 pm

As a result, decades of research and development of algorithms for spot detection,
super-resolution and trajectory linking can be directly transferred and applied to
iSCAT [6, 7].

3.2.2 Spot Detection

From the processed images, diffraction limited spots were identified by a sequence
of pattern recognition operations that output the location of a candidate feature to
the nearest integer pixel value. First, each image was filtered using a Gaussian kernel



3.2 Experimental iSCAT Microscopy 53

with a size defined by the FWHM of the diffraction limited spots (~200 nm). This
Gaussian blurring step artificially enhances the SNR of such features by smoothing
out high frequency noise represented by shot noise. Next, a simple cluster analy-
sis known as the non-maximum suppression algorithm was implemented to only
identify the local extrema within the optical resolution of the imaging system [8].
This algorithm consists of dividing the image into (n 4 1) x (n + 1) blocks, with n
corresponding to the diffraction limit size in pixels, and finding the maximum value
and its corresponding pixel position, (m;, m;), within each one. The value from the
pixel position (m;, m;) is defined as a local maximum when no higher value within
the neighbourhood of [m; — n, m; + n] x [m; — n, m; + n] is found.

To remove local maxima attributed to noise, only pixel values exceeding twice
the standard deviation of the entire image in the absence of outliers were selected.
The standard deviation of the image was estimated by the median absolute deviation
due to its robustness against outliers using by the following expression:

o ~ 1.4826 med;|x; — medjx;| 3.4)

where, x; ;, represent the values of each pixel and med, j, the median taken over the
respective index. The remaining pixel coordinates satisfying the median absolute
deviation criteria were further filtered by a range of user-defined contrasts. Finally
candidate particles were segmented into regions of interest corresponding to approx-
imately 1 wm?, which for a magnification of 100x corresponded to 9 x 9 pixels
(effective pixel size of 106 nm).

3.2.3 Localisation

Sub-pixel localisation information was obtained from the candidate features, present
in each segmented region of interest, by a non-linear least square fit to an elliptical
2D Gaussian with a constant offset expressed by the following functional form:

xn \2 2
Gxy) = ce (5% 205 1 p 3.5)

with C representing the signal contrast, xo and y, the centre of mass location in each
axis, s, and s, the width in each axis and B a constant baseline. The equation is written
in such a way to indicate the separability of the functional form, which was exploited
to optimise the execution speed of the process from O(M N) to O(M + N), where M
and N refer to the size of the image in each dimension [9]. The non-linear least square
fit was performed by the iterative Levenberg-Marquardt algorithm, which requires a
“good” initial guess for each of the floating parameters.

The initial guess was determined by a faster localisation algorithm developed
by Parthasarathy, termed radial symmetry centres [10]. This approach exploits the
property that the centre of a radially symmetric intensity distribution, in this case
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the PSF, can be determined geometrically as the intersection of the lines parallel to
the calculated gradient at each point of the image. The advantage of this approach
over iterative ones is that it is model-free and requires a single iteration; which leads
to an improvement in the execution time by two orders of magnitude, all whilst
achieving similar performance to model-based techniques. Poor localisations were
rejected on the basis of their FWHM and eccentricity. Here the eccentricity is defined
as: y/1 — (s1/s2)? such that s, > s1, and a value of 0 and 1 correspond to a circle and
parabola respectively.

3.2.4 Trajectory Linking

The process of finding the temporal correspondence between the localisations of each
image with a sequence of frames is known as trajectory linking and is an integral part
of SPT. Of all the algorithms, the multiple-hypothesis tracking, is the most accurate
owing to the computation of all possible paths given a set of particles and a number
of frames. Despite its global optimisation in space and time, multiple hypothesis
tracking is computationally prohibitive for systems with more than a few tens of
particles and hundreds of time-points. Given that most iSCAT measurements far
exceed these values, heuristic approaches (based on experience), were implemented
due to their much lower computational cost. The simplest trajectory linking algorithm
used in the analysis of single-molecule data from iISCAT measurements was classified
as greedy, where only the local, rather than the global connectivity between adjacent
frames is optimised.

The local optimum was found by minimising the distance between particles from
one frame to another, rather than throughout the whole sequence of acquired frames.
This was achieved by calculating a distance cost matrix between consecutive frames
and selecting the minimum across each row as the connectivity assignment. When
the minimum distance for any row exceeded a search radius value, chosen to reflect
the dynamics of the system under study, a no linking option was preferred. Given
these conditions three outcomes were possible: track initiation, track linking and
track termination. Track initiation occurred whenever features in frame t 4+ 1 had
no links to one in frame t or for t = 0. Track linking followed when a feature in
t 4+ 1 linked to one in frame t. Finally, track termination occurred when no features
in present in frame t + 1 linked back to frame t.

Gaps in the trajectories were closed by merging track segments that were within
a search radius given the temporal separation between them [11]. Tracks with
poor connectivity were identified due to their short length and rejected from the
analysis. One of the main limitations of the greedy approach is that a one-to-one
mapping between features of consecutive frames is not guaranteed. This can be
resolved, however, by either solving the linear assignment problem for the cost matrix
[12—-14], which consists of finding the minimum cost assignment of features from
one frame to another such that each assignment is unique, or eliminating repeated
tracks on the basis of similarity.
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3.2.5 Assessment of Localisation Precision

To assess the shot noise-limited behaviour of the setup, two adjacent immobilised par-
ticles were localised and their positions plotted as a function of time (Fig. 3.10a). Drift
contributions were removed by comparing the fluctuations in the distance between
the two particles (Fig.3.10b). The nominal localisation precision was determined
from the spread in the distribution of the distance fluctuations (Fig. 3.10c, inset). By
measuring the localisation precision at different illumination intensities (or exposure
times) the shot noise-limited dependence was evaluated and served as a reference
for future measurements (Fig.3.10c).

3.2.6 Self-referencing

Extrinsic noise in the sample area constitutes a prevalent problem for single-molecule
techniques and iISCAT is not the exception, as this type of noise makes an experiment
depart from shot noise, and introduces artefacts in the analysis of single particle
tracks. The most common sources for this type of noise correspond to ther-
mal/mechanical drift and external vibrations being coupled into the sample area.
Although this noise can be significantly reduced by simply using more expensive
hardware; for instance in the form of better vibration isolation optical tables, smoother
translation stages with strain gauges, and acoustically and thermally isolating the
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Fig. 3.10 Determination of the nominal localisation precision. a Flat-field corrected iSCAT
image of 20 nm gold nanoparticles immobilised on a glass coverslip. Small variations in the back-
ground signal that move together with sample displacements correspond to imperfections of the
substrate. b The top trace shows the fitted position of both gold nanoparticles as a function of time.
The modulation in both traces is caused by vibrations extrinsic to the sample. The bottom trace
shows the fluctuation in the distance between the two nanoparticles as a function of time. ¢ Locali-
sation precision as a function of illumination intensity for 40 nm gold nanoparticles. An increase in
illumination intensity allows higher localisation precision for a given exposure time. The solid line
shows the expected behaviour for a shot noise-limited process
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Fig. 3.11 Concept of self-referencing via image cross-correlation. a Workflow diagram to track
the position of the entire image, which serves as the reference signal. First, an image taken at 7o,
the kernel, is cross-correlated (x) with a test image taken at ¢ + i Az, where At corresponds to the
measurement frame time. This produces an intensity map with a maximum corresponding to the
total displacement between the two images. Next, the total displacement is determined by finding
the centre of mass of the maximum, thus providing a single point in the positional time-series.
Finally, this process is repeated for all images within a dataset. b Representative example of the
position time-series of a particle in (a) before and after self-referencing

setup, a more versatile and cost-effective alternative can be implemented by self-
referencing.

In the concept of self-referencing, the constant scattering background signal is
used as a reference from which the position of the whole image can be extracted as
a function of time, much like the case for isolated diffraction limited spots. Under
the assumption that most of the single-molecule features only constitute a small
fraction of the total image, topographical or spatial changes due these features play
no significant role in the time trace obtained by tracking the entire image. The whole
images were tracked by using the principle of 2D cross-correlation [15]:

Cl,y)=Y_ Y Ix+iy+ DK, j) (3.6)

4 J

where I corresponds to the test image taken at time ¢, and K to the reference one,
also referred to as the kernel and typically assigned with the position at time #,
(Fig.3.11a). The product of the cross-correlation function is an intensity map, with a
maximum representing the best alignment between both images. The position of the
maximum with respect to the centre of the image corresponds to the displacement
of the image with the interval ¢ — #,. The centre of the mass of the maximum was
determined by the radial symmetry algorithm [10].

There are two major consequences for self-referencing in iISCAT. Firstly, the posi-
tion of the whole image can be used as a feedback parameter to provide lateral stabili-
sation of the sample stage [16]. Secondly and more importantly, all forms of extrinsic
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noise due to lateral drift or vibrations can be removed in the post-acquisition phase
without compromising the SNR of the single-particle tracks as shown in Fig.3.11b.
This means that for most SPT applications, stabilisation of the sample area is an
unnecessary process and will likely do more harm than good, since the response
time will be limited by the electronics and mechanical elements of the feedback
loop. Here it is important to stress that the self-referenced time trace has the same
temporal resolution as the acquisition and thus can deal with high-frequency noise,
a feature that no other method can accomplish (Fig.3.11b).
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Chapter 4
Anomalous Diffusion Due to Interleaflet Guca i
Coupling and Molecular Pinning

The full chapter was written by myself but parts have been adapted from the following
publication: Spillane, K. M.*, Ortega Arroyo, J.*, de Wit, G., Eggeling, C., Ewers,
H., Wallace, M.W and Kukura, P. Interleaflet coupling and molecular pinning causes
anomalous diffusion in bilayer membranes. Nano Lett. 14, 5390-5397 (2014) [1],
*:authors contributed equally and are copyright (2014) of the American Chemical
Society. Both the experimental work and the data analysis were performed by Dr.
Katelyn Spillane, Gabrielle de Wit and myself. Specifically, measurements with 20
and 40 nm AuNPs, sub-trajectory data analysis, localisation precision assessments
and implementation of the high-speed data acquisition triggering were performed
by myself; the controls and receptor titration experiments with 40 nm AuNPs were
performed by Dr. Spillane; and receptor titration with 20 nm AuNPs and corre-
sponding sub-trajectory analysis of that data-set were performed by Gabrielle de
Wit. Dr. Ewers provided the DO-GM1 lipid and Dr. Eggeling measured the diffusion
coefficient using fluorescence correlation spectroscopy.

4.1 Introduction

The plasma membrane is a highly heterogeneous system composed of a mixture of
lipids and proteins distributed amongst two leaflets. Although the plasma membrane,
an integral part of the cell, participates in a wide range of functions, its main role is
to relay information between the interior and exterior of the cell. This information
can be in the form either of molecules, lipids, proteins, and even organelles, as in
the case of endocytosis/exocytosis; or forces, as in the case of chemotaxis [2] or cell
adhesion. However the underlying mechanisms involved in the information exchange
process are poorly understood, especially for events such as a receptor binding to an
extracellular leaflet lipid, or rearrangement of membrane components in the absence
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Fig. 4.1 Classification of the types of motion by the mean-squared displacement. Representa-
tive trajectories and corresponding MSD curves for the different types of motion a single molecule
can exhibit: super-diffusive (orange), normal Brownian (black), anomalous sub-diffusive (blue) and
confined (purple)

of transmembrane proteins [3]. Several mechanisms have been proposed [4] based
on line tension [3, 5, 6], direct interaction of lipids across the bilayer [7, 8], molec-
ular pinning [9], and the transient formation of cholesterol-rich, ordered membrane
domains [10]. All these mechanisms have in common the involvement of character-
istic spatio-temporal distributions of the components of the membrane. As a conse-
quence of this organisation, the mobility of individual proteins and lipids deviate from
Brownian motion, thus making them a target for single-particle tracking studies.

Deviations in Brownian motion can be classified according to the time-dependent
variations in the distribution of particle displacements; a property that is captured by
the mean-squared displacement metric (MSD, Fig.4.1) [11]. When the distribution
contains much larger displacements than expected from random motion the observed
behaviour is classified as anomalous super-diffusion [12]. Levy walks [13], ballistic
motion [14], and the processive dynamics of motor proteins like kinesin, dynein
and myosin are all examples of anomalous super-diffusion. Conversely when the
distribution contains, on average, smaller displacements the motion is classified as
anomalous sub-diffusion [15].

One of the shortcomings of such a general classification is that processes as dif-
ferent as transient binding due to short-lived lipid-lipid or lipid-protein interactions,
presence of obstacles [16], and spatial-dependent mobilities due to different viscosi-
ties [17], all lead to motion categorised as anomalous sub-diffusion. Furthermore
such a method of classification is susceptible to experimental artefacts associated
with: large labels [18], poor localisation precision [19], and the time resolution of
the measurement [20]. As a consequence of this and the difference in time- and
length-scales probed by different single-molecule techniques, several inconsistent
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and even contradictory results exist across the field of membrane biophysics such
as the model of hop-diffusion in cell membrane. Super-resolved fluorescence cor-
relation spectroscopy [21] and high-speed SPT of 40 nm AuNP labels with 15nm
localisation precision achieved by darkfield [22] both provided evidence of anoma-
lous diffusion of lipids in live cell membranes in the form of hop-diffusion. However
SPT performed with molecular-sized fluorescent dyes as labels did not show any signs
of anomalous behaviour down to the 300 s time-scale [23]. Furthermore alternative
explanations for the observed anomalous diffusion in cells have been proposed, for
instance the presence of local nanoscopic membrane roughness [24].

Thus, classification of the mobility of a membrane component as anomalous
provides little meaning beyond deviation from a purely random behaviour, unless
mechanistic insight is provided, and the potential artefacts associated with a label
are addressed. For that reason, in this Chapter I present the results obtained from a
SPT assay on a model membrane system where the lipid and substrate interactions
were controlled and characterised. Importantly, by using interferometric scattering
microscopy we were able to probe several orders of magnitude in time with sub-nm
localisation precision.

Given the complexity of cellular membranes and the large number of uncontrolled
variables, we opted for a bottom-up approach based on a minimal one-component
supported lipid bilayer (SLB) system and characterised the motion of its compo-
nents under different substrates [25]. These bilayers were composed primarily of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids and doped at concentra-
tions ranging from 0.03—1.00% molar with a GM1 bovine brain ganglioside (GM1)
receptor. The choice for GM 1 is based on its involvement in lipid clustering and lipid-
lipid interactions which has been observed experimentally in the form of anomalous
diffusion in cells [10, 26], phase segregation induced by cholera-toxin [27], and
partitioning into liquid-ordered domains [28].

4.2 Experimental Methods

4.2.1 Materials

The compounds 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl) (DPPE), and
GM1 bovine brain ganglioside (GM1) were purchased from Avanti Polar Lipids
(Alabaster, AL). DO-GM1 was prepared as described before [6]. Biotin-labelled
cholera toxin B (CTxB) subunits from Vibrio cholera were purchased from Sigma-
Aldrich (Milwaukee, WI) and reconstituted with water to give a solution containing
50 mM Tris buffer, pH 7.5, 200 mM NaCl, 3 mM NaN3, and 1 mM sodium EDTA.
Gold nanoparticles functionalised with streptavidin were purchased from British Bio-
cell International (Cardiff, U.K.), diluted to a concentration of 9 x 10'* particles/ml
and incubated with a ten-fold excess of biotin-CTxB at room temperature for one
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hour. Excess CTxB was removed by centrifuging the AuNP/CTxB sample for 2 min
at 14000 g and resuspending the pellet in bilayer buffer (10 mM HEPES, pH 6.8, 200
mM NaCl and 2 mM CaCl,).

4.2.2 Vesicle Preparation

Small unilamellar vesicles (SUVs) were prepared by the vesicle extrusion method.
Lipids in organic solvent were mixed in a glass vial and the solvent evaporated first
under a gentle stream of nitrogen for 5 min and then under vacuum for 30 min. The
dried lipid film was resuspended to a lipid concentration of 1 mg/mL in bilayer buffer.
Lipid suspensions were vortexed for 1 min, hydrated at room temperature for 30 min
and then passed 21 times through a 100 nm polycarbonate membrane using a mini
extruder (Avanti Polar Lipids), resulting in clear suspensions of SUVs. SUVs were
stored at 4 °C and used within 24 h.

4.2.3 Substrate Preparation

No. 1.5 borosilicate coverslips (Menzel-Glaser, Braunschweig, Germany) were
etched in 2:1 H,O,:HCI for 10 min, followed by thorough rinsing with ultrapure
water (Merck Millipore, Billerica, MA). The clean substrates were dried with a gen-
tle stream of nitrogen and etched with oxygen plasma for 8 min at S0 W power
immediately prior to vesicle deposition (Diener Electronic, Plasma System Femto).
Mica substrates were prepared by bonding a 22 mm square sheet of mica (Agar
Scientific, Essex, U.K.) to a clean coverslip using optical adhesive (Norland Optical
Adhesive 61). Immediately prior to vesicle deposition, the mica was cleaved leaving
a thin, optically transparent layer adhered to the cover glass.

4.2.4 Supported Lipid Bilayer Formation

Sample chambers were assembled by placing a CultureWell silicon gasket (Grace
Bio-Laboratories, Bend, OR) onto the glass or mica substrate. SLBs were formed by
adding 20 w1 bilayer buffer followed by 10 1 of the 1 mg/ml SUV suspension to the
30 .l sample well and incubating for 5 min. Excess SUVs were rinsed away with
3 ml bilayer buffer and then 2.5 pl of AuNP/CTxB or AuNP/streptavidin solution
was deposited and allowed to incubate for 5 min. Excess particles were rinsed away
with 1 ml bilayer buffer prior to imaging.
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4.2.5 Instrument Setup Parameters

The magnification for high-speed imaging was set to 100x which provides an effec-
tive pixel size of 106 nm. Depending on the size of the AuNP tracked the incident
power was varied between 20-30 kW/cm? and 2-3 kW/cm? for 20 and 40 nm parti-
cles, respectively. In the case of tracking 40 nm particles this is equivalent to focusing
approximately 0.3 mW onto a 2 x 2 jum? spot size at the sample.

4.3 Experimental Results

4.3.1 GMI1 Undergoes Anomalous Diffusion in Supported
Lipid Bilayers

The assay was optimised under wide-field-of-view (30 x 30 pwm?) iSCAT imag-
ing, achieved by confocal beam scanning. Formation of the bilayer and removal of
excess vesicles was assessed prior to addition of the AuNP/CTxB conjugates. CTxB
was conjugated to the AuNPs through a biotin-streptavidin linker, and it was esti-
mated that a AuNP has approximately 25 and 40 bound CTxB, for 20 and 40nm
sized gold particles, respectively. Non-specifically bound AuNP/CTxB conjugates
were flushed away and resulted in images such as Fig.4.2a. The signal from 40
nm AuNP/CTxB conjugates bound to GM1 was on the order of 55%, for 20 nm
AuNP/CTxB conjugates was 9%, and those from excess vesicles ranged between 1—
5%. The excess vesicles typically had a density of one every 5 x 5 wm? and a fraction
of them were mobile, thus causing specificity issues in the detection of smaller sized
nanoparticle labels (<20 nm). Thus for the remainder of this chapter, most of the
results are reported for 40 AuNP labels due to their unequivocal distinction from
mobile vesicles.

High-speed imaging was performed by underfilling the objective with a collimated
beam at A = 532 nm producing a field of view of approximately 4.0 wm?. The
localisation precision in the high-speed imaging channel was assessed by recording
the relative motion of two immobile particles on a coverslip at the lowest exposure
time setting of our camera, 10 s, and thus fastest frame time, 20 ps. Assuming the
particles are indeed immobile, the fluctuations in the inter-particle distance serve as a
metric for the maximum achievable localisation precision at the incident power used.
For the incident power typical of the experiment with 40 nm AuNP, a localisation
precision of 1.3 nm was achieved; however this was not a lower bound, as an increase
of the intensity to 30-40 kW/cm? for the same particle pair achieved sub-nm precision
(Fig.4.2b). This is in stark contrast to state-of-the-art fluorescence microscopy which
can only achieve 1nm precision at either limited time resolutions or observation
times. Similarly, dark-field microscopy results of 40 nm AuNPs used as labels for
individual lipids in a membrane at 40 kHz frame rate (25 ws exposure time) only
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Fig. 4.2 Anomalous sub-diffusion of GM1 in supported lipid bilayers on glass substrates. a
Representative interferometric scattering image of 40 nm AuNP/CTxB conjugates diffusing on a
supported lipid bilayer. Shaded green region indicates the relative size difference between the wide-
field-of-view and high-speed imaging modalities of iSCAT performed in these experiments. Scale
bar: 5 pm. b Corresponding interparticle separation fluctuations between two 40 nm AuNP/CTxB
conjugates after subtraction of the average value for two different incident illumination intensities.
The localisation precision is assessed as the spread in the fluctuations and calculated as o/2/2.
¢ Sample trajectory of 40 nm AuNP/CTxB/GM1 on glass recorded at 50,000 frames/s and with
more than 2 x 107 data points. Scale bar: 200 nm. d Time-dependent mobilities for 20 and 40 nm
AuNP/CTxB/GM1 on glass. Open circles represent the mean taken of all acquired trajectories, and
the red lines the standard deviation resulting from inhomogeneous broadening. Grey shaded out
regions denote the typical time-scales probed by fluorescence SPT experiments. Dotted green line:
macroscopic diffusion coefficient measured by fluorescence correlation spectroscopy. Number of
data points per trajectory: 1 x 10°

reported 15nm localisation precision [22]. This shows that iSCAT measurements
decouple time resolution from localisation precision.

Due to the fast movement of the AuNP/receptor complexes and the small field of
view in the high-speed imaging channel, the data on receptor mobility was acquired
by an automated custom trigger-sequence operating in real-time. This automation
removes selection bias, introduced by user-triggering, and a higher throughput, which
is limited by the slower response time of a person. The triggering sequence operates
by polling every millisecond whether a subset of frames (50 images per ms) contains
a diffraction limited spot that resembles the AuNP/receptor complex in question.
The polling relies on the local non-maximum suppression algorithm [29] combined
with signal contrast thresholding. Briefly, the algorithm divides an image into smaller
sections called blocks and detects the local maxima of each block. Each local maxima
is compared against a range of user-defined contrasts. If the local maxima falls within
the range then a candidate is found. If a candidate is detected within a distance of
800nm away from the centre of the image, the data acquisition trigger is initialised;
otherwise it just keeps polling. Once the trigger is initialised the program streams a
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fixed amount of frames into the RAM before the program polls again for a designated
event. If the trigger is still on, frames are continuously streamed into RAM. This
processes stops when either the maximum pre-allocated RAM space is reached or
the event trigger stops, which occurs when a particle leaves the illumination area.
The data is then stored to the hard-drive and the polling resumes. If the data is stored
to the hard-drive, a cool-down time of 20 s is assigned so that the computer can
re-synchronise with the camera frame rate, as the action of writing to the hard-drive
causes the computer to lag behind the camera acquisition.

This trigger scheme acquires the longest possible trajectories and does so in the
most memory efficient manner. With memory efficiency defined as the fraction of
frames that contain a particle diffusing within the illumination area per total amount
of frames acquired. Trajectories were reconstructed based on the greedy algorithm,
described in Chap. 3, from the centre of mass positions of the label as a function
of time. Despite the potential artefacts associated with the greedy algorithm, the
low density of the AuNP/receptor complex below 1 um? ensured these were kept
to a minimum. Examination of the diffusion of 40 nm AuNP/CTxB bound to GM1
in a SLB made from DOPC doped with 0.03 mol % GMI on a plasma-cleaned
glass substrate acquired at 50 kHz, revealed circular nanoscopic regions of transient
confinement (Fig.4.2c); a characteristic feature of anomalous diffusion.

To quantitatively examine the time dependence of the mobility of the complex,
we calculated the mean-square displacement [30] as a function of the time lag as:

1 M—n—1
MSD(A,) = 3 [r(Atj) —r (AP (4.1)
j=1

where M is the total number of frames in the trajectory, n is a positive integer that
determines the time interval, and r is the particle displacement during time interval
At, = nAt with At = 20 s referring to the experimental frame time. Using the
relationship between MSD and two dimensional diffusion coefficient (D):

MSD ~ 4DA#, 4.2)

the motion of the particle was classified as anomalous diffusion if the anoma-
lous coefficient had a non-unity value, g # 1. For convenience, we evaluated
the time-dependent mobility as the logarithmic plot of the diffusion coefficient
(D =MSD/4At ) versus time, which has a (8 — 1) slope. This means that a zero
slope indicates Brownian diffusion, while negative and positive slopes represent
anomalous sub- and super-diffusion, respectively.

Because these measurements encompassed time-scales over four orders of
magnitude, the transition from anomalous to Brownian diffusion was determined
from a single trajectory as opposed to several measurements at different exposure
times and with different particles [31]. Furthermore the macroscopic diffusion coef-
ficient measured independently by fluorescence correlation spectroscopy (0.14 +
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0.01 pm?s~1) agreed with the range of values (0.09 wm?s~!) obtained at time-scales
longer than 10 ms in our experiments [26].

According to this analysis, both 20 and 40 nm AuNP/CTxB conjugates bound to
GM1 in a SLB formed on plasma-cleaned glass exhibited anomalous sub-diffusive
motion over three orders of magnitude in time, from 20 ps to 10 ms time scale
(Fig.4.2d). After tens of ms the motion transitions into Brownian diffusion resulting
from extensive averaging and indicating that CTxB-bound GM 1 diffusion is confined
on short (<10 ms) time-scales. iISCAT experiments with 20nm particles resulted in
similar trajectories and time-dependent mobilities with minor differences for sub-ms
time lags.

4.3.2 Transient Confinement Causes Anomalous Diffusion

Rather than just classifying the motion as anomalous, we investigated the dynamics
responsible for deviations in Brownian diffusion, represented in this case by the peri-
ods of transient confinement. These transient dynamics were mainly characterised by
two populations: ring-like and Gaussian-like structures (Fig.4.3a), each with a con-
finement area of approximately 30 nm in diameter. Other types of confinement areas
were observed such as elliptical, half-ring and hybrid shapes but their occurrence
was far less frequent. These confinement events were detected by a sub-trajectory
analysis routine based on the assumption that the average particle displacement over
a given time is far smaller for a transient binding event than the value predicted by
a purely random diffusion. Here, a value of 1 wm?s~! based on the measured time
dependent mobility within the first 100 s of Fig. 4.2a was taken as the nominal diffu-
sion coefficient of the AuNP/receptor complex. To minimise false positives and given
the transition between anomalous and Brownian diffusion in the 10 ms time-scale,
the bandwidth was lowered to 100 Hz (by averaging) and the total displacement was
calculated as:

lr(r 4 8t) —r(t)]. (4.3)

Pairwise distance values less than 50nm were classified as confined, as opposed
to the 200 nm displacements expected for random motion at the diffusion coefficient
specified. Although a more robust and parameter-free likelihood change-point detec-
tion algorithm [32-34] could have been performed at the full detection bandwidth
to identify very short-lived transient events, the high computational cost became
prohibitive.

To gain further insight into the nature of the two populations of confinement
events, Gaussian and ring-like, the spatial probability density map for each case was
determined by overlapping all the transient binding data points (Fig.4.5b). Gaussian-
like distributions in a spatial probability map arise from dynamics described by a
freely diffusing particle within a harmonic potential [35]. Given our experiment, it is
unlikely that the model membrane contains areas of localised harmonic potentials;
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Fig. 4.3 Analysis of transient binding events. a Examples of individual transient confinement
events for 40 nm AuNP/GM1 complexes for the two main populations observed: Gaussian and ring-
like. b Spatial probability maps and corresponding cross-sections for the Gaussian-like (228 events)
and ring-like (93 events) populations at 0.03% GM1 on glass. Scale bars: 15 nm. ¢ Representative
time-trace of a ring-like event showing several binding sites in polar coordinates, only the angle is
show for clarity. Thin black line: average angular position of the binding sites detected by change-
point analysis
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Fig. 4.4 Transient binding model for CTxB in supported lipid bilayers. Schematic of the
tracking assay during a transient binding event drawn to scale for a 20 nm AuNP. The curved arrow
indicates the achievable nanoscopic rocking motion of the label and the dashed lines the achievable
fluctuations in the centre of mass of the label even for a completely immobilised CTxB

instead this observation can be explained by tethered-particle-motion [36] between
the gold label and a tether described by GM1 headgroup/CTxB/biotin/streptavidin
linker (Fig.4.4). In this case the harmonic potential is defined by the inherent flexibil-
ity of the linker between GM1 and the gold particle. As a result of this description the
Gaussian-like population is extracted from the ensemble by selecting the confinement
events whose radial distribution can be precisely described by a Rayleigh distribution
(R? > 0.95), which is nothing more than a descriptor of a two dimensional Gaussian
distribution in polar coordinates.

Confinement events that do not satisfy these criteria were classified as ring-like.
Other shapes were excluded by the criteria that ring-like distributions have small
variations in the distance away from the centre of mass. Specifically this was imple-
mented by only selecting events whose fluctuations in the radial distribution were at
least 2.2 standard deviation units smaller than the average confinement radius. This
value was based on the observed linker flexibility, localisation precision and size
of the confined area. Within the ring-like structures we often observed well-defined
binding sites that were frequently revisited (Fig.4.3c). These observations may be
explained by a model where multiple interactions between more than one CTxB from
the AuNP/CTxB conjugate and diffusing GM1 receptors occur (Fig.4.4).



4.3 Experimental Results 69

4.3.3 Concentration Dependent Dynamics of Transient
Binding

Assuming a uniform distribution of GM1, the receptor density was estimated at
1/(40 x 40) nm? for the lowest concentration where specific binding of AuNP/CTxB
conjugates was observed (0.03% molar); at this point multiple GM1 interactions
with the same AuNP/CTxB complex should be rare. Therefore concentration depen-
dent dynamics were investigated by varying the concentrations of nt-GM1 and
characterised by radial distribution analysis of all transient binding events. Briefly, all
the confinements events were overlapped and the ensemble radial probability density
was calculated and then fit to a Rayleigh distribution. Deviations from the Rayleigh
distribution, characterised by the residuals in the fit, provided a qualitative assess-
ment of the degree of GM 1 interactions given that a tethered particle motion model is
defined by the properties of a single GM 1 headgroup/CTxB/biotin/Streptavidin linker
(Fig.4.5a). At the lowest concentration the radial density was well characterised by
the Rayleigh distribution but as the concentration increased, so did the deviations, as
shown by the residuals trace. Despite the same occurrence in Gaussian-like confine-
ment events, the average confinement size defined by the FWHM of the Gaussian
distribution, increased linearly yet with a slow rate of change with GM1 concentration
(Fig.4.5b).
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Fig.4.5 Concentration dependent dynamics of GM1 immobilisation. a Top panel: Radial prob-
ability density plots and corresponding fits to a Rayleigh distribution for all confinement events
recorded at 0.03% and 1.0% nt-GM1 concentrations, respectively. Total number of data points for
each distribution: 2 x 10°. Bottom panel: Concentration dependent plot of the residuals in the fit to a
Rayleigh distribution. b Average change in confinement size as a function of nt-GM1 concentration
for Gaussian-like confinement events. The confinement size is evaluated as the full-width-at-half
maximum. Error bars denote the standard deviation in the average confinement size
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4.3.4 Recovery of Brownian Motion upon Tuning Substrate
Interactions and Interleaflet Coupling

In the experiments described above the substrates, in this case glass coverslips, were
treated by oxygen plasma cleaning, a process known to functionalise the surface
with hydroxyl groups, increase the surface roughness and even induce membrane
defects [26, 37]; all of which could serve as potential mechanisms for the transient
binding dynamics. To determine the origin of the observed anomalous behaviour and
rule out experimental artefacts, such as surface roughness and membrane defects,
we repeated the experiments by only modifying one variable at a time. Specifically,
we tuned the membrane-substrate interactions and the potential acyl-chain mediated
interleaflet coupling.

To investigate the role of membrane-substrate interactions, we tuned the inter-
actions by using chemically inert mica instead of plasma-cleaned glass coverslips.
Under these conditions all trajectories, summing up to more than 5 x 10° data points,
lacked transient confinement events and were significantly shorter than those using
a plasma-cleaned glass as the membrane substrate (Fig.4.6). Analysis of the time-
dependent mobilities of the AuNP/GM1 complexes indicated Brownian motion for
all time-scales longer than 100 s, in agreement with the shorter acquired trajecto-
ries. At time-scales shorter than <100 s, anomalous super-diffusion was detected,
suggesting the presence of directional motion or the presence of a flow; nevertheless
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Fig. 4.6 Tuning the degree of transient confinement. a Sample trajectories and time-dependent
mobilities of 40 nm AuNP/CTxB/nt-GM1 on mica (red) and 40 nm AuNP/CTxB/DO-GM1 on
plasma cleaned glass (black). Blue shaded region on each molecular structure of GM1 analogues
denotes the common sugar head group. Data points per trajectory: 2 x 10*. Scale bars: 100 nm.
b Confined fraction as a measure of transient confinement and anomalous diffusion for different
GM1 concentrations and control experiments: synthetically modified GM1 (DO-GM1) on glass,
DPPE with a biotin/streptavidin linker in the presence of nt-GM1 on glass, and nt-GM1 on freshly
cleaved and plasma-cleaned mica
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such an explanation is quite unlikely for an almost single component membrane.
Instead this type of motion can be attributed to “dynamic error” artefacts which are
known to occur at early times in MSD analysis whenever measurements are per-
formed at very high localisation precision, which in our case ranged from 1.5-0.5
nm [20]. The source of “dynamic error” artefacts is the finite exposure time of the
camera, which averages the position of the particle and results in an underestimation
of the mean squared particle displacement. The recovery of Brownian motion in
experiments on mica as a substrate suggest that substrate interactions with the lower
leaflet are necessary for the occurrence of transient confinement. For instance, the
hydroxyl groups on the glass coverslips could immobilise the hydroxyl-containing
GMI1 head groups in the lower leaflet. Nevertheless the effect from substrate rough-
ness or plasma cleaning-induced defects could not be ruled out.

To investigate the role of acyl-chain mediated interleaflet coupling [8] between
GM1 groups, the sphingosine base comprised of fully saturated hydrocarbon chains
of the naturally occurring GM1 (nt-GM1) was replaced with the unsaturated chains
from glycerophospholipid 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
to produce a GM1 analogue termed DO-GM 1. The measured time-dependent mobil-
ities of DO-GM1 on plasma-cleaned glass substrates using 40 nm AuNPs mimicked
the results from the mica substrate, that is Brownian diffusion and apparent super-
diffusion on similar time-scales. Nevertheless, the average mobility was slightly
slower than mica, and on the level of individual trajectories rare and short-lived tran-
sient binding events were detected. The observation of Brownian motion, together
with AFM measurements on surface roughness (RMS = 0.6 nm), exclude surface
roughness as the source of anomalous diffusion, given that the substrate-membrane
interactions are the same as in the analogous nt-GM1 experiment. Furthermore, the
presence of unsaturated chains in DO-GM1, and with it a weakened interleaflet cou-
pling, drastically decreased the frequency of transient events, thus suggesting the
need for acyl-chain mediated interleaflet coupling to transmit the origin of transient
immobilisation to the upper leaflet, where the AuNP label is diffusing.

To confirm the simultaneous requirement of interleaflet coupling and lower leaflet-
substrate interactions for transient binding and its nanoscopic origin, three further
control experiments were performed. Firstly, experiments were performed to test
whether the interactions between the substrate and the sugar-head group from GM1
played arole. To do so, biotinylated DPPE lipids in DOPC bilayers with streptavidin-
functionalised AuNPs on plasma-cleaned glass substrates in the absence and pres-
ence of nt-GM1 (1.0% DPPE, 1.0% GM1) were tracked. These DPPE lipids possess
saturated chains just like GM1 that could potentially lead to strong interleaflet inter-
actions. Secondly, the effect of DO-GM 1 concentration on plasma-cleaned coverslips
was investigated (0.03 and 1% DO-GM1). In both cases the recovery of Brownian
motion was observed at all times-scales longer than 100 ps. Thirdly, upon plasma
treatment of chemically inert mica, anomalous diffusion in the form of transient
binding was observed for AuNP/nt-GM1 complexes.

As amore robust metric for anomalous diffusion, we summarised the above exper-
iments with respect to the fraction of time a GM1/AuNP complex was transiently
confined, defined in this thesis as confined fraction (Fig.4.6b). The mean confined
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fraction for all GM1 concentrations measured (0.03—1.00 mol %) for nt-GM1/Gold
complex on a plasma-cleaned glass substrate was 0.72 =+ 0.03 with zero representing
no confinement and one representing complete immobilisation. Thus, the confined
fraction metric provided a more accurate description of the underlying dynamics
compared to the time-dependent mobilities, given that the latter only reports ensemble
behaviour and as a result overlooks rare events such as the transient immobilisations
in the DO-GMI assays on plasma-cleaned glass.

These result confirm that interleaflet coupling between GMI1 in the lower and
upper leaflet combined with membrane-substrate interactions, specifically between
the GM1 head groups in the lower leaflet and the substrate, are sufficient to cause
transient confinement and thus anomalous diffusion dynamics in these model mem-
brane systems. Furthermore, the very weak dependence of the confined fraction on
the concentration of nt-GM1 for plasma-cleaned glass experiments, suggests that
the origin of transient immobilisation is not the GM1 itself but rather an intrinsic
property of the surface functionalisation. This property could likely be attributed to
the density of hydroxyl pinning sites on the surface caused by plasma-cleaning.

4.4 Discussion

4.4.1 Importance of Simultaneous Localisation Precision
and Time Resolution

Much of our understanding of membrane structure and dynamics at the
single-molecule levels has been the result of fluorescence and purely scattering-based
imaging measurements. Nevertheless these approaches are insufficient to simultane-
ously probe the relevant time- and length-scales for motion at the level of individual
membrane components; either because of a limited photon flux or the potential to
perturb the underlying dynamics. The results in this chapter demonstrate the ability
of interferometric scattering microscopy to follow the motion of individual lipids and
receptors with simultaneous nanometre localisation precision and tens of microsec-
ond temporal resolution; thus making it an ideal method for single-molecule mem-
brane biophysics studies.

As a consequence of this spatio-temporal decoupling it becomes possible to:
investigate nanoscopic dynamics inaccessible to other methods, reinterpret previous
conclusions, and re-assess the importance of localisation precision. For instance,
consider the scenario in which the measurements presented in this chapter were per-
formed with 15nm rather than 1nm localisation precision (Fig.4.7). Although the
motion at the ensemble level would still be classified as anomalous diffusion, the
underlying dynamics would not correspond to transient binding. Instead, the regions
of transient confinement increase in size and overlap with the rest of the trajectory
thus giving the impression of corralled motion. Furthermore a hop-diffusion analy-
sis identifies different sized compartments within the trajectory, analogous to SPT
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(a) Transient binding (b) Corralled diffusion

Fig. 4.7 Effect of localisation precision on transient binding. a Example trace of a 40nm nt-
GM1/AuNP complex diffusing on a plasma-cleaned glass supported lipid bilayer. Black: original
trace taken with 1.2nm localisation precision. Red: same trace but with 15 nm Gaussian noise
added. b Same trace as in (a) subjected to hop-diffusion analysis different colours highlighting the
different compartments identified. Imaging rate: 50,000 frames/s. Data points: 1 x 10°

experiments on single lipids labelled with 40 nm AuNP. These observations of hop-
diffusion in cells led to the hypothesis that the plasma membrane of some cells is
compartmentalised by the underlying cytoskeleton meshwork [31, 38]. Thus as the
result of a poor localisation precision, we have arrived at an entirely different inter-
pretation; from one based on transient immobilisation due to GM1 interactions with
the substrate to another based on a compartmentalised membrane.

4.4.2 Thermal and Optical Force Considerations

We used the results from a previous simulation based on the paraxial beam approx-
imation to estimate the total forces acting on a 20nm gold particle [39]. Briefly,
the authors simulated the forces acting on a 80nm gold particle for a 1 mW total
beam power with A = 532 nm focused to a spot by an objective lens with NA = 0.9
(~290 kW/cm?). Given the beam profile and incident intensity, the range of forces
varied between 0 and 1.2 pN, with the maximum occurring when the particle is at
the beam focus (See Fig.4) [39]. Note, that the forces acting on the gold particle can
be decomposed into a gradient and a scattering force, which scale with Re {«} or
Im {«}, where o denotes the complex polarisability and Re and Im refer to the real
and imaginary parts, respectively [40]. The complex polarisability is described by:

D3 ¢, —¢,
o = epm——L—" 4.4
2 €, + 2,

With this expression, and using the results of the simulation, we estimated the
magnitude of the total forces acting on a gold particle of 20nm in diameter to be
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43 = 64 x smaller than for a 80 nm one. Since our experimental intensities were 10x
lower than those used in the simulation the maximum optical force that a 20nm gold
particle experiences was approximately 1.9 fN (1.2 pN / 640). Similarly for a 40 nm
gold particle, although the forces would only be 2> = 8 x smaller, the intensities used
in most experiments were 100 x lower than those reported in the simulation, resulting
in total optical force on the order of 1.5 fN (1.2 pN/ 800). We can therefore conclude
that irrespective of the particle size and at light intensities used in these experiments,
the optical forces exerted by the beam are on the order of several femtonewtons, and
only result in temperature increments of <2 K at the surface of the particle, which
are much too small to significantly affect the diffusion on the length-scales studied
in this work.

4.4.3 Membrane Defects, Labelling Artefacts, and CTxB
Induced Aggregation Do Not Cause Transient Binding

Defects in the membrane, caused by buffer washes, substrate interactions and even
induced by specific membrane components, are one of the most common sources for
anomalous diffusion in supported lipid bilayers [41]. However with two experimental
observations reported in this chapter we can completely rule out this possibility.
Firstly, if defects were responsible for anomalous diffusion, both DO-GM1 and nt-
GM1 would have exhibited similar diffusive properties, which is in stark contrast
to the experimental observations (Fig.4.6a). Secondly, even under the assumption
that differences in DO-GM1 and nt-GM1 lipid properties may cause a different
propensity for defect formation, these defects would have also been present during
the tracking measurements of DPPE in an nt-GM1-doped SLB, and yet again no
anomalous diffusion was observed (Fig.4.6a).

With regards to potential labelling artefacts, the Brownian motion recovered from
tracking DPPE in GM1-doped SLBs suggests that the particle cross-linking or label-
membrane interactions are unlikely causes for anomalous diffusions. If the AuNP
labels indeed caused transient immobilisation, anomalous sub-diffusion would have
been observed in all negative control experiments (Fig.4.6b). We also rule out the
possibility of non-specific binding of the gold nanoparticle to the membrane as a
potential source, as AuNP without CTxB did not interact with GM1-containing
SLBs and were easily washed away upon buffer rinses.

Furthermore comparison of the results obtained using inert and plasma-cleaned
mica substrates excludes phase separation and nanoscopic aggregation due to free
CTxB in solution as a possible cause for the observed transient confinement events.
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4.4.4 Transient Binding Requires Substrate Interaction
and Interleaflet Coupling

The recovery of Brownian motion upon changing the acyl chains from nt-GM1 to
DO-GM1, and tuning the substrate interactions of nt-GM|1 from plasma-cleaned glass
to mica, indicates that only the combination of nt-GM 1 with a plasma-treated surface
leads to transient binding. Because our experiments are performed on an effectively
single component system, lipid composition or substrate-induced asymmetry of the
lipid distribution have little to no influence. Moreover, a recent study on the leaflet
distribution of GM1 in DOPC bilayers formed on UV/ozone-treated silica showed
that 85% of the receptors were located on the upper leaflet and the content of GM 1
followed a linear relationship with concentration in the range between 0-5% molar
[42]. This effect was mainly caused by the charge in the lipid headgroup of GM1.
Therefore, both nt-GM1 and DO-GM1 on glass should exhibit the same distribution
between the two leaflets given that both experiments were performed on identical,
plasma-cleaned glass substrates. Thus, our results suggest that two conditions are
required for anomalous diffusion in this model membrane system: (a) GM 1 molecules
in the lower leaflet must be immobilised through interactions with the surface and (b)
the immobilised molecules must interact with CTxB-cross-linked GM1 molecules
in the upper leaflet through the hydrophobic core of the bilayer via long, straight
aliphatic chains.

4.4.5 Multiple CTxB-GMI1 Interactions Result in Ring-Like
Structures

Our ability to super-resolve the spatiotemporal dynamics of the label during peri-
ods of transient binding provides us with information about the nanoscopic origin
of the observed anomalous diffusion. To illustrate this, it is helpful to consider the
molecular details of the tracking assay under the scenario of a single CTxB inter-
action between an immobilised GM1 and the gold label. When drawn to scale, the
distance between the GM1 headgroup and the centre of mass of the AuNP label
is non-negligible and contains three main linking elements, each possessing a cer-
tain degree of flexibility: GM1-CTxB , CTxB-streptavidin and streptavidin-AuNP
(Fig.4.4). Simple geometric arguments suggest that nanoscopic movement analo-
gous to tethered particle motion induces variations in the centre of mass on the order
of 15nm for both 20 and 40 nm AuNPs. In addition, such movement when viewed
over tens of milliseconds is described by 2D Gaussian spatial distribution around the
centre of mass as observed experimentally for one population of transient binding
events (Fig.4.3a, b).

The population of ring-like transient confinement events can not be described by
the above explanation. However, addition of a second interaction between CTxB from
the same nanoparticle with another possibly diffusing GM1, yields motion centred
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around the immobilised central CTxB with a radius comparable to the maximum
motion of the centre of mass of the label. Despite the relatively weak GM1/CTxB
dissociation constant, Kg &~ 1078, this multiple bound hypothesis agrees with the
ring-like structures observed (Fig.4.3a).

Moreover as the likelihood of multiple CTxB/GM1 interactions increases with
GMI1 concentration, the radial probability density plot representative of all confine-
ment events is expected to further deviate from a Rayleigh distribution, characteristic
for single tethered particle motion and single particle-interactions. Such a result is
evidenced by the concentration dependence of the deviation between the radial prob-
ability density plots and the Rayleigh fit (Fig.4.5a). Even for Gaussian-like confine-
ment events, the increase in nearby GM1 concentration should lead to an increase in
the apparent confined area due to transient interactions with additional GM1, even if
they do not result in cross-linking (Fig. 4.5b). These interactions are possible because
on average the label spends more time near the membrane surface as a result of the
nanoscopic rocking caused by the inherent flexibility of the GM1/AuNP linkers [43].

4.4.6 A Model of Transient Binding: Molecular Pinning

The tight lateral confinement on the <20-nm scale and the observation of ring-like
confinement events are both consistent with transient immobilisation of a single
membrane-bound CTxB subunit on the nanometre scale. Given that transient bind-
ing requires both native GM1 lipid tail domains and a plasma-cleaned substrate, we
propose that the most likely origin for immobilisation are hydrogen bonding interac-
tions between small patches of surface hydroxyl groups caused by plasma treatment
and the hydroxyl groups from the sugar-head groups of GM1. These interactions
cause clustering of GM1 on the lower leaflet.

Although a single pinned GM 1 molecule on the lower leaflet could be responsible
for the immobilisation of five CTxB-bound GM1 molecules in the upper leaflet, such
a scenario is unlikely. We therefore, hypothesise that the distribution of GM1 in the
lower leaflet is characterised by numerous < 10 nm clusters with high GM1 content, in
contrast to a uniform distribution. These GM 1-enriched clusters with higher viscosity
communicate with the upper leaflet through acyl-mediate interleaflet interactions,
leading to transient (<10 ms) nanoscopic confinement events. This is supported
by AFM measurements of comparable assays, however whether the aggregation
occurs in the lower or upper leaflet of the bilayer was not determined [44]. Moreover
our general mechanism agrees with early observations of interleaflet coupling [45],
although these required the presence of macroscopic domains.
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4.5 Conclusion and Outlook

This chapter shows that even in a minimal membrane model system, transient binding
can occur in the absence of transmembrane components and thereby change the
mobility of single proteins bound to receptors. In this particular case, we found that a
combination of proximal GM1 interactions with a plasma-treated substrate and GM 1
hydrocarbon chain saturation were sufficient to induce transient immobilisation and
anomalous sub-diffusion on the sub-millisecond time scale. Analysis of the dynamics
involved in the confinement events suggests that confinement occurs on the <10 nm
scale, consistent with temporary immobilisation, i.e. molecular pinning, of GM1-
bound CTxB. More importantly, we have elucidated an alternative mechanism, based
on interleaflet lipid-lipid interactions, for information exchange across a membrane
bilayer in the absence of any transmembrane components.

There are many prospects for future work to further understand the origins of
nanoscopic immobilisation and anomalous diffusion. For instance, patterned sub-
strates with specific functional groups would allow specific tuning of the strength
and density of membrane/substrate interactions. Asymmetric bilayers produced by
Lagmuir-Blodgett/Langmuir-Schaefer [46, 47] could be used to explore the mech-
anisms of interleaflet coupling and the effect of lipid composition asymmetry, a
characteristic property of plasma cell membranes. The use of lipid headgroups or
scattering labels with varying valency would determine how many cross-linked GM 1
molecules are required for transient binding. Finally, one could envision combining
label-free studies of nanoscopic lipid domains with SPT to investigate the role of
lipid phase separation.
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Chapter 5 ®)
Structural Dynamics of Myosin Sa oo

The full chapter was written by myself but parts have been adapted from the following
publication: Andrecka, J.*, Ortega Arroyo, J.*, de Wit, G., Fineberg, A., MacKinnon,
L., Young, G., Takagi, Y., Sellers, J.R. & Kukura, P. Structural dynamics of myosin
5 during processive motion revealed by interferometric scattering microscopy. eLife.
4, 05413 (2015) [1] *: authors contributed equally, and are copyright (2015) of
eLife Science Publications. Both the experimental work and the data analysis was
performed by Dr. Joanna Andrecka, Gabrielle de Wit, Lachlan MacKinnon, Adam
Fineberg, Gavin Young and myself. Specifically, the data acquisition measurements
with 20 nm AuNPs at different frame rates, sub-trajectory data analysis, kinetic anal-
ysis, user friendly trajectory visualisation and analysis software implementation were
performed by myself. High speed data acquisition at 10,000 frames/s and correla-
tive blue and red iSCAT traces were acquired by both Dr. Andrecka and myself. Dr.
Andrecka collected and analysed the correlative GFP fluorescence and iSCAT, ATP
and label size dependence assays. The doubly labelled experiments were performed
by Gabrielle de Wit and Dr. Andrecka. Lachlan MacKinnon, Adam Fineberg and
Gavin Young quantified the statistics of single actin filament switching and direc-
tionality of the transient state. Dr. Yasuharu Takagi and Dr. James R Sellers provided
the myosin V constructs and critical unpublished data in the form of electron micro-
scope image and processivity kinetics.

5.1 Introduction

Molecular motors are a set of protein complexes responsible for most of the types
of motion and the generation of force at the cellular level [2]. A family of these
motors known as cytoskeletal due to their association with actin and microtubule

© Springer International Publishing AG 2018 81
J. Ortega Arroyo, Investigation of Nanoscopic Dynamics and Potentials

by Interferometric Scattering Microscopy, Springer Theses,
https://doi.org/10.1007/978-3-319-77095-6_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77095-6_5&domain=pdf

82 5 Structural Dynamics of Myosin 5a

filaments, undergo large-scale conformational changes that are fuelled by chemical
energy in the form of adenosine triphosphate, ATP. These conformational changes
either result in processive motion of the protein complex or in force generation.
Of these cytoskeleton motors, myosin Sa is one of the best understood actin-binding
proteins [3] and has been studied extensively by a diverse set of ensemble and single-
molecule methods [4-9].

The main function of myosin 5 is to transport cargo towards the barbed (+) end
of 7-nm diameter actin filament [4]. It does so by translocating in a hand-over-hand
fashion [7] resulting in discrete 74 nm steps of its catalytic sites, known as heads,
and 37nm displacements of its centre of mass [10, 11]. This processive motion is
accomplished by a finely tuned kinetic sequence of ATP binding, hydrolysis, phos-
phate and eventually ADP release, each of which result in Angstrom level changes in
the structure of the protein subdomains [12—16]. Although atomic-resolution crystal
structures of myosin 5a exist in the presence and absence of the nucleotide, these
structures only correspond to the detached state of the acto-myosin complex [17, 18].
With these structures the internally coupled rearrangement of the subdomains leading
to phosphate release or dissociation from actin upon ATP binding could be studied in
silico; [19-21] thus providing a model for the structural changes potentially induced
by binding to actin [22]. Nevertheless experimental observation of these structural
dynamics during the processive motion of the motor has been hindered by the requi-
site of simultaneous localisation precision and temporal resolution, as these changes
are likely to be on the Angstrom scale and may be very transient. As a result, the
overall stepping behaviour of myosin 5a is well characterised, but the sequence of
structural events that leads to the 74 nm step remains poorly understood, namely, how
the enzymatic domain converts Angstrom-level structural changes into large scale
motion.

Another poorly understood aspect of the dynamics of myosin 5 involves the mech-
anism by which the heads translocate from one actin binding site to another. This is
largely due to the timescale of such motion, as the first passage time of the translo-
cating head is expected to be on the order of 100 s, [23-25] although the head
spends tens of ms in the unbound state given the maximum rates of ATP hydrol-
ysis and binding to actin [23, 26, 27]. From a biophysical perspective, the insight
provided by directly following and characterising the type of motion would shed
light on the underlying principles of efficient motion at the nanoscale level. Sev-
eral single-molecule studies aimed at revealing the stepping mechanism have either
reported periods of increased flexibility [23, 26, 27] or proposed partitioning of the
step into multiple sub-events [23, 28-30]. From these studies the proposed models
have in common an initial forward aiming power stroke followed by a Brownian
search mechanism of the detached head [23, 31-33]. The power stroke, performed
by the attached head, leads to a forward displacement of the pivot point, which in
turn facilitates the Brownian rotation of the unbound head. Next, a recovery stroke
has been hypothesised to provide the necessary bias and the stability towards the
next binding site [34]. However it is debatable how a Brownian-search mechanism
could lead to unidirectional stepping motion.
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Given the time and length-scales involved in the structural dynamics of myosin
5, any single-molecule experiments intending to probe these events require simulta-
neous nanometre localisation precision and high temporal resolution without signif-
icantly perturbing the system. Here, interferometric scattering microscopy offers an
alternative to optical tweezers and single-molecule fluorescence microscopy; as the
former satisfies the spatiotemporal constraints, but the use of large probes linked to
the motor domain are likely to perturb the dynamics; [35] and the latter introduces
minimal perturbations with the use of molecule-sized labels at the expense of either
temporal or localisation precision [7]. In this chapter I provide the results obtained
from single-molecule studies using iSCAT on a construct of myosin 5a with an N-
terminal biotin ligand, which was conjugated with different sized gold nanoparticles,
and a C-terminal GFP ligand.

5.2 [Experimental Methods

5.2.1 Sample Preparation

Rabbit skeletal muscle actin was prepared as described [36] and stored in liquid nitro-
gen until used. A 20 wM actin stock solution was prepared in polymerisation buffer
(10 mM imidazole, 50 mM KCI, 1 mM MgCl,, | mM EGTA, (pH 7.3) containing
1.7 mM DTT, 3 mM ATP). Actin was diluted 20-50 times in motility buffer (MB;
20 mM MOPS pH 7.3, 5 mM MgCl,, 0.1 mM EGTA). Mouse myosin 5a HMM
with a C-terminal GFP was expressed in the presence of calmodulin and purified
as described [37]. In addition, the N-terminus was modified by the addition of a
nucleotide sequence encoding an AviTag peptide (GLNDIFEAQKIEWHE) for site-
specific biotinylation with BirA ligase (Avidity). After biotinylation, the sample was
aliquoted, flash frozen in 20 pl drops and stored at —80 °C. Before labelling, the
myosin sample was diluted in MB containing 40 mM KCIl, 5 mM DTT, 0.1 mg ml~!
BSA and 5 uM calmodulin.

Gold nanoparticles of 20, 30 and 40 nm in diameter conjugated with streptavidin
were purchased from BBI (UK) and directly mixed with biotinylated myosin 5a
sample in a 4:1, gold to myosin ratio, consistent with one or zero myosin molecules
per gold particle. The mixture was incubated on ice for at least 15min (sample
volume 50 pl, final concentration of myosin 300 pM). The same procedure was
used for double gold/Qdot labeling. The quantum dots (emission maximum 565)
conjugated with streptavidin were purchased from Invitrogen.

For fluorescence-only imaging, myosin was incubated for 10min with Atto-
647 streptavidin (Atto-TEC). The following oxygen scavenger system was used
to increase the fluorescent dye stability: 0.2 mg ml~! glucose oxidase, 0.4% w/v
glucose, 0.04 mg ml~! catalase, all purchased from Sigma.
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The flow cell was prepared as described [38]. It was first rinsed with 1 mg ml~!
solution of poly(ethylene glycol)-poly-1-lysine (PEG-PLL) branch copolymer (Sur-
face Solutions SuSoS, Switzerland) in PBS and incubated for 30 min. Next, it was
washed twice with MB before adding the actin solution. After 5 min of incubation,
the chamber was washed with MB and the surface was blocked by adding 1 mg ml~!
BSA in MB buffer. Finally, the chamber was inspected and myosin-gold conjugate
solution containing ATP was added. All assays were performed at room temperature.

5.2.2 Experimental Setup

Interferometric scattering microscopy was performed using AOD confocal beam
scanning with a 445nm laser diode. For two-colour imaging a second diode laser
(635nm) was overlapped with the 445 nm beam path with a dichroic mirror. In the
detection arm, the images were separated by an identical optic before being imaged
onto two separate CMOS cameras (Photonfocus MV-D1024-160-CL-8) at 333 x
magnification (31.8nm/pixel). The incident power was adjusted to 17.9 kWcm™2
at the sample to achieve near-saturation of the CMOS camera, which ensured shot
noise-limited detection. Fluorescence-only imaging and tracking was achieved with
a home-built TIRF microscope using a 635 nm diode laser. The incident power was
set to 5 kWem ™2 and the fluorescence imaged onto an Andor iXon3 860 EM-CCD
camera at 72.1 nm/pixel with a 9.2 pm x 9.2 wm field of view using dielectric filters
(Thorlabs) to separate illumination and emission.

5.3 Experimental Results

5.3.1 N-Terminus Labelling Does Not Perturb
the Kinetics of Myosin 5a

The motion of the myosin heads was tracked by conjugating streptavidin func-
tionalised gold nanoparticles of 20nm in diameter to the biotinylated N-terminus
domain of the protein. The enhanced light scattering from the gold particle conju-
gates immersed in an aqueous solution resulted in a decrease in the light intensity of
about 8% under illumination at a wavelength of 445nm (Fig.5.1a). No differences
in processivity or velocity of the myosin-gold conjugates translocating along actin
filaments immobilised on the glass substrate were observed (Fig. 5.1b), in agreement
with previous single-molecule studies of myosin 5a label-free [39] or labelled at the
motor domain, lever arm or stalk [23, 28-30]. Despite the significant size of the
label, the point of attachment of the label does not interfere with the mechanochem-
ical cycle.
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Fig. 5.1 Myosin 5 activity labelled with 20 nm gold nanoparticles at the N-terminus. a Rep-
resentative image of the assay consisting of 20nm gold particles attached to the N-terminus of
myosin as they translocate along actin filaments. Arrows indicate the position of the acto-myosin
complexes. b Comparison of myosin 5 activity recorded in this work with previous single molecule
studies. Black circles: this study. Symbols are defined as: Purple rectangle, [4] Grey squares, [6]
Dark blue square, [9] Orange triangle, [40] Pink circle, [41], Red open squares [39]

5.3.2 During Myosin Movement the Motor Domain
Undergoes a Transition Between Two Distinct States

Typical traces obtained from tracking myosin-gold conjugates at 100 Hz frame rate
and 10 wM ATP concentration moving along actin filaments immobilised on a glass
substrate exhibited the characteristic 74nm stepping pattern. Closer inspection of
the recorded trajectories revealed a transition between two distinct states during
each step, which are termed state A and state B. Both states are clearly seen in an x-y
projection (Fig. 5.2a) and the time trace (Fig. 5.2b). As shown in the lateral trajectory,
the transition between these states (AB transition) involves a small, <10 nm, off-axis
backward motion of the label attached to the bound head. As a result, the distance
from state B to the next state A exceeds that of a 74 nm step; however comparison
of transitions between similar states agree with the step size from previous studies
(Fig.5.2¢).

An estimate of the localisation precision achieved under these experimental con-
ditions was determined by the positional fluctuations (¢ = 0.94 nm, SD) of a surface-
attached label recorded under the same conditions as the trajectory in Fig.5.2a. The
results illustrate simultaneous sub-nm lateral localisation precision of 20nm gold
at 100Hz (Fig. 5.2b). For actin-bound myosin-gold conjugates the localisation noise
increases (o = 1.6% 0.3 nm), but remains on average ~2 nm, which allows detection
of the AB transitions on the order of 5nm with a SNR >2 (Fig. 5.2d). The increase in
positional fluctuations for gold bound to actomyosin complexes compared to immo-
bilised gold particles can be attributed to a combination of a flexible protein-label
linker and the limited ability to completely immobilise actin. Here, actin is only
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Fig. 5.2 Two states of the motor domain observed during myosin movement. a Sample 2D
trajectories for a 20 nm gold particle immobilised on the surface and attached to the N-terminus of
myosin 5a. The arrow indicates the direction of myosin movement. b The same trajectory depicted
as distance travelled vs time and corresponding contrast. Two distinct states (A and B) of the bound
head can be clearly observed (black arrows). Standard deviations are given to compare both fixed
(blue) and myosin attached particles (black). The brief reduction in iSCAT contrast coincides with
74nm steps taken by the labelled head (red vertical lines). The behaviour of a non-specifically
surface-bound 20 nm gold particle that is completely immobilised is shown for comparison (blue
traces in upper portion of panel b). Repeated localisation of the particle throughout suggests a
nominal sub-nm lateral localisation precision and a constant scattering contrast. ATP concentration:
10 WM. Scale bar: 20nm. Imaging speed: 100 frames/s. ¢ Step size histograms for post to pre-power
stroke and post to post power stroke states. Data was collected at 100Hz and 10 puM ATP, using
20nm diameter gold nanoparticles. Number of steps analysed: 554. d The positional fluctuations of
the A and B states presented as histograms of lateral localisation precision, o, show no measurable
difference in mechanical stability of the two states

immobilised by electrostatic charges provided by the PEG-PLL layer; nevertheless
covalent binding with NEM myosin II or ¢-actinin could provide enhanced sta-
bilisation [42]. The imaging speed was limited to 100Hz to reduce the effects of
label-linker flexibility, which increase localisation noise at higher speeds and reduce
our ability to identify the AB transition.

5.3.3 The Labelled Motor Domain Moves in Three
Dimensions

In addition to the AB transition, a clear drop in the iSCAT contrast was observed
whenever the labelled trailing head detached and transitioned to the leading position
(Fig.5.3a, top panel). A similar yet smaller change also occurred during the AB tran-
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Fig. 5.3 Three-dimensional interferometric tracking of the myosin head. a Distance trace
(upper panel) with the simultaneously recorded iSCAT contrast (lower panel). The red subset of
the traces corresponds to the unbound head state. Inset: schematic illustrating how the difference
in optical path difference for the bound (z-bound) and unbound (z-unbound) state leads to changes
in iISCAT contrast due to the interference of the reflected (E-reflected) and scattered (E-scattered)
electric fields. b Normalised histogram of the average iSCAT contrast while the head is in the
transient state (red, N = 329) or bound to actin (black, N = 303). ATP concentration: 10 wM.
Imaging speed: 1000 frames/s

sition (Fig.5.2b, bottom panel). The origin of these contrast changes result from the
interferometric nature of the technique, whereby the signal contrast scales according
to cos A¢, where A¢ is the phase difference between scattered and reflected light
fields. As the label moves perpendicular to the sample plane, the optical path length
and with it the phase difference between the two fields changes by the following
relation: A¢ = 4mnz /X (Fig.5.3a, inset). Under the experimental conditions, (aque-
ous buffer with n = 1.33), a complete signal inversion is expected if the label travels
~A/4n = 83nm away from the surface, making the contrast extremely sensitive to
motion perpendicular to the imaging plane.

The variation in iSCAT contrast can therefore be used to determine when the
labelled head detaches from actin while tracking a processive myosin 5a (Fig.5.3a,
bottom panel). We often observed these changes in contrast between the actin bound
and unbound states and obtained an average change in iSCAT signal during the step
(Fig.5.3b). The drop of 3.5% in iSCAT contrast (40% of the total signal) suggests
that the myosin head lifts on average by 24 £ 10nm from its actin bound position.
Although the precision of the measurement was in principle higher, we could not
accurately determine the additional phase contributions to the interferometric signal
on an individual label basis, which are required for a robust calibration. Overall, the
contrast changes with time follow the lateral tracking results in that the labelled head
appears to detach only during the 74 nm step; whereas the smaller contrast changes
during the AB transition were likely due to a three-dimensional reorientation of the
label.



88 5 Structural Dynamics of Myosin 5a

5.3.4 A Conformational Change in the Motor Domain
Accompanies the Power Stroke

To investigate the mechanochemical origin of the AB transition, simultaneous track-
ing of the head and tail domain of myosin 5a was performed. The head domain was
labelled with a 20nm gold particle as previously described, whereas the tail was
tagged with a green fluorescent protein (GFP) moiety conjugated to a GFP booster
[43]. Given the limited photon flux from a single GFP molecule, which would pose
a challenge for single-molecule tracking with <5nm precision at 100 Hz, [44] the
frame rate was reduced to 20 Hz to increase the fluorescence signal. The correlative
iSCAT and fluorescence traces showed that whenever the large translocation of the
head domain to the next binding site and the small backwards displacement repre-
senting the AB transition occurred in the iSCAT channel, they were accompanied
by tail translocation events in the fluorescence channel (Fig.5.4a). This implies that
the AB transition corresponds to the pre- to the post-power stroke transition of the
attached labelled head (Fig.5.4b).

If the AB transition corresponds to the pre- to post-power stroke transition, a
similar dependence on ATP concentration on the dwell times of both A and B states
would be expected, assuming that the label did not affect the stepping kinetics. Thus
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Fig. 5.4 Simultaneous iSCAT and fluorescence tracking of myosin 5a. a Tracking of the scat-
tering signal from the gold nanoparticle attached to the N-terminus (black) and fluorescence signal
from the GFP moiety located at the C-terminus of the same myosin 5a molecule (green). Movement
of the tail correlates with the labelled head taking its step (74 nm displacement) and with the AB
transition (power stroke of the labelled head). Green arrows represent the tail movement, which
corresponds to the step of either the labelled or unlabelled head. When the unlabelled head takes its
step it coincides with the AB transition within the labelled head (red arrows). Static localisation pre-
cisions as previously determined correspond to: 1.6nm (iSCAT), 8nm (GFP). b Labelling scheme
and schematic of the stepping mechanism and the corresponding observables. ATP concentration:
1 wM. Imaging speed for both channels: 20 frames/s



5.3 Experimental Results 89

the stepping behaviour of 20 nm gold labelled myosin 5a at different ATP concentra-
tions (1 uM, 10 uM and 1 wM) was recorded and each state separated for dwell-time
analysis. To isolate each state, each trajectory was first partitioned into step pairs
(Fig.5.5a). These step pairs contained a single 74 nm translocation together with two
of each state, A and B. Differentiation between state A and state B was achieved by
analysing the 2D trajectory as a function of elapsed time; whereby a change-point
between each state was assigned when the step pair trace showed a spatially separated
position with respect to the centre of mass of state A. The corresponding dwell time
distributions for both states followed the same trend (Fig. 5.5b): (1) single exponen-
tial behaviour at saturating ATP (1 wM) as expected for an ADP release rate-limiting
process, (2) single exponential behaviour at 10 uM ATP when the ATP release rate
and ADP release rates are both rate-limiting, and (3) bi-exponential behaviour at 1
1M ATP concentration as expected for a process limited by ATP binding [5, 12]. In
all cases, the dwell times of each state were identical suggesting that the 20 nm gold
particle had no considerable effect on the stepping kinetics.

Using the gold particle as a nanoscopic translocation amplifier, the size of the label
was varied to unravel the nature of the structural transition between the pre- to post-
power-stroke conformation of the labelled head. The average distance between the
centre of mass between each state, defined as the size of the AB transition, increased
from 7.4 £3.2nm to 9.5 & 3.1nm and 11.5 & 2.5nm for 20, 30 and 40 nm diameter
labels, respectively (Fig.5.6a). The corresponding contour plots for the A and B
states obtained by superimposing all data points corresponding to detected A states
and B states show that the direction of the vector connecting states A and B remains
unchanged while the distance increases. This suggests that the AB transition reflects a
conformational change in the N-terminus domain in the form of a three-dimensional
rotation of the bound head rather than a translation.

The rotational movement of the label can be depicted schematically as in Fig. 5.6b;
whereby the red circles mark the positions of two labels in the pre-power stroke (A)
state with radii r; and r,, where r; is twice the length of | and the grey circles refer
to the corresponding post-power stroke (B) states of each label. With d; representing
the distance between the centre of mass (dots) of the labels from the pre- to the
post-power stroke conformations, the larger label (,) undergoes the same type of
motion at the N-terminus but with a larger displacement compared to the smaller
label. Applying this minimalistic model to our data, the angle of rotation, «, as well
as the distance, x, that defines the origin of rotation from the surface of the protein
could be determined following the relations that: sin(«/2) = 0.5d;/(r; + x) and
dy/dy = (ry + x)/(r1 + x). From the hydrodynamic radii obtained by dynamic light
scattering for each label (20, 26 and 32 nm), the values of ¢ = 20° and x = 1.7 nm
were obtained.

Taken together, these observations suggest that a small three-dimensional rotation
of the N-terminus domain of the labelled head occurs during the power stroke and
coincides when the unlabelled head translocates to the next actin binding site. This
motion is then amplified by the size of the label, much like the lever arm, and is
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Fig. 5.5 Identification of the pre- and post-power stroke states via a change-point detec-
tion algorithm. a Representative distance time trace for each dimension and corresponding 2D-
projection of a step pair where the elapsed time has been encoded using a colour gradient. A
change-point between state A and B was assigned when a trajectory showed a spatially separated
position at a given time point with respect to the centre of mass of state A. b Dwell time distributions
for pre- and post-power stroke states at different ATP concentrations. In all cases, data and fits for
pre-power stroke state are shown in red; data and fits for the post-power stroke state are shown in
blue. At saturating (1 uM) ATP concentration (a) both dwell time distributions exhibited single
exponential behaviour in line with ADP release being the rate-limiting step. The constants for the
A state dwell times are given by k4 and that for the B state by kp. At lower ATP concentrations,
sequential ADP release and ATP binding result in bi-exponential behaviour. At 10 pM ATP (b),
both kinetic constants, k4, kg, are almost identical therefore the dwell time distribution is fit to two
sequential process with the same rate constant (termed k4 for the dwell time of the A state and
kp for that of the B state. ¢ At 1 wM ATP the process is limited by ATP binding. Data taken at
100 frames/s and increased to 400Hz for 1 uM ATP concentration assays. Total number of steps
recorded: 110, 245 and 104, for 1 uM, 10 M and 1 uM respectively

experimentally reported as the AB transition. A direct consequence of these obser-
vations is that the AB transition cannot involve dissociation of the labelled head from
actin since it must remain bound while the unlabelled head takes its step, otherwise
myosin would detach from actin.
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Fig. 5.6 Conformational change within the N-terminal domain during the power stroke. a
Histograms for the distances between A and B states for 20, 30 and 40 nm gold nanoparticle labels
located at the N-terminus and corresponding spatial probability density maps. Total number of steps
recorded: 124, 103 and 116, respectively. b Expected movement for two differently-sized labels
attached to myosin 5a during a conformational change in the head domain associated with the
power stroke. The red circle represents the position of the label in the A state, and the grey circle
corresponds to the B state with dots indicating their respective centres of mass. The labels r| and r»
correspond to the radii of both labels where r, = 2r;, and d; and d, correspond to the AB distance
after rotation by an angle 0 about an origin located at a distance x from the nanoparticle surface.
The myosin 5a head domain pre-power stroke conformation is shown in orange (PDB: 1W7J). The
lever arm is pointing out (shown in dark blue) and the blue arrow indicates its movement during
the power stroke

5.3.5 Myosin Steps via a Single, Spatially-Constrained
Transient State

Upon increasing the time resolution of the experiment by an order of magnitude
to 1 ms (imaging speed = 1000 Hz) the effective localisation precision decreased to
4 nm compared to the measurements at 100 Hz, which can be attributed to the inherent
flexibility of the linker between the label and protein complex. Nevertheless, with this
temporal resolution, periods of increased positional fluctuations of the labelled head
between detachment and reattachment to the next actin binding site were observed,
which had been previously assigned to the Brownian search mechanism (Fig.5.7a).
These fluctuations when projected laterally in two-dimensions showed a transient
state with a centre of mass just over half way between the two binding sites and
offset by 40 nm perpendicular to the actin filament (Fig.5.7b).

The dynamics of the motor domain in the unbound state at this time resolution
can be described as a periodic back and forth motion between the observed transient
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Fig.5.7 High-speed nanometric tracking of myosin 5 with interferometric scattering (iSCAT)
microscopy. a Distance travelled as a function of time for a single myosin 5 molecule biotinylated
at the N-terminus and labelled with a 20 nm streptavidin-functionalised gold particle. The lateral
localisation precision, o, defined as the standard deviation of the positional fluctuations of the label
while bound to actin is given above each of the actin-attached periods. Inset: schematic of gold-
labelled myosin 5 stepping along actin. b Corresponding 2D-trajectory with the arrow indicating
the direction of movement. c—e Close-up of the transient states indicated in (a) and (b). ATP
concentration: 10 WM. Scale bar: 50 nm. Imaging speed: 1000 frames/s

state position and the next actin binding site (Fig.5.7c, d). A similar behaviour at the
end of a processive run was also observed (Fig.5.7e), although this only occurred
when myosin detached when the unlabelled head was bound to actin. The other pos-
sible scenario, when myosin detached when the labelled head was bound to actin,
was equally measured. To verify that the dynamic features of the motor domain
while in the unbound state were not induced by unwanted interactions of the label, a
different labelling strategy using streptavidin functionalised with ATTO-647N dyes
was used. Traces obtained from the much smaller-sized label exhibited the same
characteristic off-axis transient state position and motion of the 20 nm gold nanopar-
ticles (Fig.5.8a, b). Furthermore, similar dynamics were also displayed for the rare
occasions when the leading head detached and reattached without translocating, i.e.
repeated back and forth motion and an off-axis transient state (Fig.5.8c). This sug-
gests that the transient state corresponds to a potential minimum of the one head
bound myosin.

The directionality of the transient state with respect to the actin filament remained
fixed either to the right or to the left hand side during a translocation event along a



5.3 Experimental Results 93

(a)

296 M
T 222 v M
5 v
8 148
5 &J—m
B 74+ —_
(=] & 4, 50 nm

0-

0 500 1000
Time (ms)

©), @ |
. l.wi’i',,- I ._I, "'W g 1280 ms - "/ } r / _
3 | il - %%
£ n ;
4 I : -
£
g I P S # - e - §
& i - Ty .
2 _ oms ’ . SN

A L S —

1
Time (ms) 50 nm

Fig.5.8 Characterisation of the transient state. a Representative distance time series of a myosin
5 molecule, labelled with an atto-647N/streptavidin conjugate at the N-terminus, tracked using single
molecule total internal fluorescence microscopy and corresponding 2D-trajectory. b Additional
traces exhibiting the transient state marked by arrows. ATP concentration: 10 wM. Scale bar: 50
nm. Imaging speed: 100 frames/s. ¢ Representative time trace segment of an event in which the
leading head detaches from the actin filament and exhibits the intermediate state behaviour reported
in the main text and corresponding 2D-trajectory of the segment. ATP concentration: 1 wM. Scale
bar: 50 nm. Imaging speed: 1000 frames/s. d Position of the transient state for the same molecule
before and after switching actin tracks. ATP concentration: 10 WM. Scale bar: 100 nm. Imaging
speed: 100 frames/s

single actin filament (Fig.5.8d) with a slight preference (66 vs 33%) for right over
left-handed walking (from a total of 351 traces). When the myosin moved from one
actin filament to another, the directionality of the transient state either switched or
remained on the same side with a probability of 40% and 60%, respectively (from a
total of 102 events).

To spatially and temporally characterise the transient state as an ensemble, the
same approach to isolate the A and the B states was applied on the high-speed
trajectories taken at different ATP concentrations. Here, only step pairs with transient
states lasting longer than 10 ms were used for the spatial analysis; whereas all step
pairs were used for the dwell-time analysis. The dwell time of the transient state
followed a single exponential distribution with a lifetime of 17.5 £ 0.6 ms which
was independent of ATP (Fig.5.9a).

Spatial characterisation was achieved by segmenting the tracks into step pairs.
Then the centre of mass of the beginning of the step pair was positioned about the
coordinate position (0, 0). Tracks were aligned along the horizontal axis by applying
a rotation matrix from which the directionality of the transient state was assessed.
Finally, all aligned step pair traces were overlapped by flipping them about the actin



94 5 Structural Dynamics of Myosin 5a

(a)

T=17.2 +/- 09 ms
1 uM ATP
T L T s

o
@
2
s |
£ \ T=18.2 +-~0.7ms
<)
=
Q
2 10 uM ATP
@ =y — -
© I T T
[$]
E N

T=17.2 +/-09 ms

1 mM ATP i
f T T
0 100 200 300 0 .
Dwell time (ms) Relative probability

Fig. 5.9 Spatiotemporal dynamics of the transient state as a function of ATP concentration.
a Dwell time histograms at three different ATP concentrations (1 uM, N =116; 10 uM, N =223; 1
uM, N = 90). Fitting the dwell time distribution to a single exponential yields an average lifetime
of 17.5 £ 0.6 ms, independent of ATP concentration. b Contour maps of the transient state at three
different ATP concentrations. Obtaining traces at high ATP concentration was challenging due to
the small available field of view and rapid detachment of myosin from actin caused by the faster
stepping rate

filament axis (horizontal axis) when necessary to produce a contour map depicting
the probability density of finding the centre of mass of the 20nm gold particle label
when the motor domain of myosin is in the unbound state during a single step. The
contour map was generated by binning the localisations of each transient state into
18 x 18 nm? bins. The spatial distribution showed no ATP concentration dependence
within the experimental error (Fig.5.9b).

A more detailed inspection of tracks containing both the AB transition and the off-
axis transient state showed that the relative location of these events were correlated
(Fig.5.10a). The resulting overlap of the spatial probability maps of the AB transition
with all transient states taking into consideration the spatial pattern between the two
suggest a possible connection between the directionality of the transient state and the
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Fig. 5.10 Probability density contour maps of the myosin step. a Simultaneous observation
of the AB transition and the transient state imaging at 100 frames/s for right and left handed
walking. ATP concentration: 10 wM. Scale bar: 100 nm. Imaging speed: 100 frames/s. b Upper panel
represents the transient state of the unbound head. Contour map of a two-dimensional histogram
witha 10 x 10 nm? bin width obtained from the 1000 frames/s data (N = 486). Lower panel shows
the AB transition within the bound head, a two-dimensional histogram witha 1 x 1 nm? bin width
generated using the 100 frames/s data (N = 129). All contributing steps were aligned and those to
the right of the filament were mirrored. The arrow represents direction of movement (from left to
right)

lever arm movement. Finally, the transient state contour map contains two maxima:
one located ~5 nm away of the final actin binding site and the other 40 nm off-axis
from the actin filament (Fig.5.10b).

5.3.6 Transient States Occur on the Same Side
of Actin for Each Head Domain

To investigate whether subsequent steps occur on the same or opposite sides of the
actin filament, commonly referred to as symmetric and asymmetric hand-over-hand
stepping, [45] the two heads of a single molecule were labelled differentially, one
with a fluorescent quantum dot and the other with a 20nm gold particle (Fig.5.11).
The motion of each individual motor domain was followed simultaneously with
correlative fluorescence and iSCAT measurements using 473 and 660nm lasers as
the excitation sources, respectively. The chosen excitation scheme provided an off-
resonant iSCAT channel, which minimised fluorescence excitation and cross-talk
between the channels. To ensure a localisation precision of <5nm over the time-
scale of seconds in the fluorescence channel, the overall imaging speed was lowered
to 500 frames/s. The lateral position of the transient state relative to the actin filament
coincided across the fluorescence and iSCAT channels for all the recorded events in
which a doubly labelled myosin exhibited well defined one head bound states. This
observation provided evidence for the symmetric hand-over-hand stepping mecha-
nism.
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Fig. 5.11 Simultaneous scattering and fluorescence tracking of a single myosin 5a. One head
was labelled with a 20 nm streptavidin-functionalized gold particle (red) and the other with a fluo-
rescent quantum dot (blue). Reported values correspond to the standard deviation o in the position
of the bound state (nm) and the shaded regions encompass an area of 30. The colours of the traces
matches those from the labels in the inset. ATP concentration: 10 wM. Scale bar: 100 nm. Imaging
speed: 500 frames/s

5.3.7 The Diffusion Rate of the Unbound Labelled Head Is
Comparable to the Frame Time of 1ms

To determine whether similar dynamics were observed at higher time resolution,
the tracking experiments were repeated at an imaging speed of 10,000 frames/s
(Fig.5.12a). The presence of a large scattering background in the image due to the
presence of gold-myosin complexes in solution limited the localisation precision of
these measurements to 9 nm rather than 2 nm. The time traces of transients states
lasting longer than 5 ms from 10 trajectories were selected for further analysis (N =
37, Fig.5.12b). Note that the single step pair presented in Fig.5.12c agreed with the
ensemble average transient state probability map from data taken at 1000 frames/s.
The autocorrelation function for each isolated position time trace was calculated
and later averaged to produce the ensemble autocorrelation function for the transient
state (Fig.5.12d). The diffusive time, a measure of the hydrodynamic environment
and thus how long prior information is retained in the system, (t; = 0.30 ms) was
extracted by fitting a single exponential to the ensemble autocorrelation function
and was comparable to the exposure time of 0.56 ms. The fit to a single exponential
follows from the assumption that the system can be modelled as a freely diffusing
particle in a harmonic potential [46].
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Fig. 5.12 Autocorrelation analysis of the transient state. a High speed 2D trajectory of a 20nm
gold particle attached to the N-terminus of myosin 5a. Imaging speed: 10,000 frames/s. b Repre-
sentative on-axis position time-trace of a step-pair from (a). Highlighted area corresponds to the
the transient state. ¢ Corresponding xy-projection of (b) with colours indicating the before (blue),
during (green) and after (red) stages of the transient state. d Ensemble position autocorrelation
function from 37 transient state time-traces. Solid line indicates the best fit to a single exponential
function. Scale bars: 50 nm

5.4 Discussion

5.4.1 Association Between an N-Terminus Rotation
and the Lever Arm Motion

The tracking results at high localisation precision at 100 frames/s contain several
pieces of evidence suggesting that the source of the AB transition is a small underlying
structural change in the bound head while the other head performs its step. The
observed increase in the magnitude of the AB transition with label size and the small
change in contrast are consistent with a rotation of the N-terminal domain by ~20°.
Evidence that the labels do not induce any measurable changes in the kinetics is
provided by a comparison between the lifetimes of the A and B states (Fig.5.5b),



98 5 Structural Dynamics of Myosin 5a

which represent the dwell time kinetics of stepping for the labelled and unlabelled
head. In this case both A and B state lifetimes were the same within experimental
erTor.

Although most SPT labelling strategies opt for the smallest sized marker to min-
imise perturbing the dynamics, the use of larger sized labels in the tens of nanometres
in these experiments, with no detrimental effect to the kinetics, were crucial to reveal
the structural dynamics in the N-terminus domain that were otherwise undetectable.
Here, the different sized labels amplify minute structural changes occurring in the
bound motor domain and convert them into measurable nanometre scale motion.
Previous studies using gold labels did not observe this transition likely due to a com-
bination of a different labelling strategy (40 nm or 60 nm gold nanoparticle attached
to a calmodulin on the lever arm) and a much lower spatial precision (> 10 nm) [26].

Despite several EM studies failing to detect differences in the position of the SH3
(N-terminal domain) of lead and trail heads, [47-49] results of molecular dynamic
simulations of both myosin 5a and myosin 2 based on crystal structures indicate a
rotation of the N-terminus during the power stroke transition [17, 19, 21]. These
simulation results agree with movement of the N-terminal domain associated with
the power stroke taken after the trail head dissociation demonstrated with these
experiments.

5.4.2 Sub-steps Along Actin and Leading Head
Detachment Do Not Significantly Contribute
to the Mechanochemical Cycle

By specifically labelling the N-terminus domain and following the motion of the
unbound head during translocation, the dynamics of stepping could be studied in
detail with iISCAT. From the 4728 steps composing 635 different tracks not a single
sub-step was detected, namely the proposed 64-10 nm stepping pattern. This stepping
mechanism was first suggested by a single-molecule fluorescence study [50], where
one of the calmodulins bound to the lever arm was fluorescently labelled with a
rigidly attached dye. The discrepancy between these two results can be explained by
the different labelling strategy. Given that the lever arm moves significantly during
the power stroke, whereas the motor domain does not move, the rigidly attached
dye experiences an additional displacement which may be interpreted as a sub-
step. Furthermore, the orientation of a single dipole can induce systematic errors in
determining the position if the PSF is fitted to a 2D Gaussian [51]. Therefore the
term ‘sub step’ is an inappropriate descriptor for the dynamics of the unbound motor
domain.

The role the so-called ‘foot stomp’ event, when the leading head detaches and
re-attaches to actin, plays in the mechanochemical cycle of myosin has been an
extensive topic of debate in the field ever since its observation [S0]. During this
first study the frequency of the foot stomp was not indicated; nevertheless a recent
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AFM study [52] reported that this event was not only frequent, but also an essential
component of the mechanochemical cycle. Contrary to this notion, the sensitivity of
our technique to axial displacement showed that both heads of myosin remain firmly
bound to actin irrespective of whether the head is leading or trailing (Fig. 5.8c) with
the exception being the 74 nm translocation of the head to the next actin binding site.

Although detachment of the leading head was observed its frequency was rare:
from all steps taken at 1 and 10 puM ATP and only ~3 and ~0.6% of steps exhibited
this behaviour, respectively. At saturating ATP concentration not a single event was
detected. Furthermore, the unbinding event was not necessarily followed by reattach-
ment at a different site, suggesting that these events can be explained simply by the
binding equilibria between myosin and actin, rather than being an active component
of the stepping mechanism. One likely explanation for the increased occurrence of
lead head detachment and reattachment in recent AFM studies [52, 53] is the much
lower ATP concentration used and the non-negligible interaction of the AFM tip with
the protein, which may result in more frequent detachments from actin.

5.4.3 Myosin Preferentially Walks in a Plane
Perpendicular to the Glass Surface

Based on the spatial position of the transient state, displaced 40 nm along and perpen-
dicular to the filament, the type of motion of the unbound head can not be explained
by a purely rotational diffusion search mechanism. Such a model would require
that most measured molecules be bound in the plane parallel to the surface of the
glass (Fig.5.13a). If so, the average transient position of the detached head would
be located approximately 56 nm along and no more than 20 nm perpendicular from
the filament, as proposed theoretically by a recent simulation [25]. Furthermore a
spatial probability map of such rotational diffusion would show one rather than two
maxima as reported in this study. Also, the use of BSA to block the surface and pre-
vent non-specific attachment of the gold complexes favours perpendicular binding
of the motor as it minimises interaction of the label with the surface; thus making
sideways binding to actin (plane parallel to the glass surface) extremely unlikely.

The results of simultaneously tracking the motor domain at 445 and 635 nm illu-
mination provide additional evidence against the rotational diffusion model and its
corollary: most molecules are parallel to the glass surface. These correlative iSCAT
tracks (Fig. 5.13b) showed that on the occasions when the signal contrast of the par-
ticle fell below the detection level in the blue channel, it remained visible in the red
channel (Fig.5.13c, d). In these cases, the off-axis component of the transient state
was much smaller compared to those trajectories when the transient state remained
visible in both channels, suggesting that these particular myosins were bound parallel
to the surface and thus lifted the detached head up by approximately 40 nm.
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Fig. 5.13 Dual colour iSCAT imaging of myosin 5. a Schematic of myosin stepping along actin
with different azimuthal orientations relative to the actin filament. b 2D-trajectory of myosin 5
stepping along actin recorded simultaneously with 445 nm (blue trace) and 635 nm (red trace)
illumination. Although the latter channel exhibits higher noise due to a lower scattering signal, the
transient state is evident in every step even though much of the data are lost in the trace recorded at
445 nm due to the major drop in scattering intensity. ¢ Corresponding iSCAT contrast as a function
of time. Although the contrast is large in the blue channel, it drops much more significantly during
population of the transient state. d Zoom-in of the contrast behaviour during the transient state from
(c¢). ATP concentration: 10 pM. Scale bar: 50 nm. Imaging speed: 1000 frames/s

Together these observations demonstrate that whenever the spatial position of
the transient state occupied an off-axis location with respect to actin and could be
measured in the blue channel, the orientation of myosin with respect to the actin
filament was perpendicular to the glass surface and thus we can rule out a purely
rotational diffusion search mechanism. It is important to emphasise that this data
does not contradict the results of a previous dark field experiment, which lead to the
rotational diffusion model [26]. The same conclusions can be drawn from our data
if the localisation precision matches that of the dark field experiment (17 nm). At
such a localisation precision, the directionality of the transient state can no longer
be assessed thus leading to a probability density map that is no longer one-sided.
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5.4.4 Structurally Constrained Diffusion Leads
to Unidirectional Motion

The simultaneous high temporal and spatial precision achieved in this work provided
additional insight into the type of motion of the unbound head of myosin to propose a
new model for myosin’s processivity (Fig. 5.14). While in the two head bound state of
myosin 5Sa, the trailing head detaches from actin upon binding of ATP. The leading
head then undergoes a power stroke that leans the protein forward, a motion that
exhibits a strong torsional component [40, 41]. After the power stroke, the unbound
head arrives at a minimum in the potential energy from where it approaches the next
actin binding site in what appears to be one dimensional search along an arc. The
transient state lifetime agrees with the duration of increased flexibility reported in
optical trapping experiments probing the attachment stiffness at high time-resolution
[23] and in single-molecule tracking of the motor domain [26, 27]. The measured
lifetime also correlates well with previously reported ensemble rate constant for
the weak-to-strong binding transition (47 s~') [14]. This interpretation is further
supported by the presence of an additional density very close to the final binding
site, namely the second maxima in the spatial probability density map. This density
very likely corresponds to the weakly bound state from which the head frequently
moves back to the side position.

The lack of a binding site at the off-axis position of the transient state, 40 nm away
from the actin filament, and no reason to pause there pose the question of the origin
of such a potential energy minima. However, the structure of the motor suggests a
possible explanation, specifically upon considering the intrinsic angle between the
lever arms and comparing such a value when the two heads are unbound and bound
to actin, i.e. ~37 nm away from each other. Electron micrographs of myosin 5 bound
to actin [47] and non-specifically bound to a surface in the absence of actin [54] show
clearly peaked angle distributions around 105 and 115°, respectively, suggesting a
built-in preference for such a spatial arrangement of the two heads, rather than a truly
flexible linkage, another indication that a completely free swivel at the neck-linker is
unlikely. By constraining the angle between the lever arms during the translocation,
the search space of the motor domain is limited to a one-dimensional rather than a
full three-dimensional space. This in turn results in the motor domain preferentially
reaching the next binding site.

The position of the transient state together with a possible constrained diffusion
suggests the following model where myosin side steps along actin in a combined
twisting and leaning motion reminiscent of a compass. Such a mechanism provides
the benefit of a built-in bias for the next binding site and ensures that the head only
needs to travel along one dimension rather than a lower probability three-dimensional
Brownian search. Even if the motor domain fails to bind strongly on first passage,
it swings back and forth between the transient state and the desired actin site until
tight binding can occur. This suggests that the structure of myosin 5a facilitates and
controls the motion of the unbound head to achieve such high specificity in finding
the desired binding site.
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Fig. 5.14 Mechanism of the myosin step. a ATP binding to the trailing head (yellow) and its
detachment releases strain stored in the molecule. b The bound head (black with a gold nanoparticle
attached) performs its power stroke which is accompanied by the AB transition (inset). The labelled
head becomes a new trailing head ¢ which detaches after ATP binding. d It moves forward in a
partially twisting motion and occupies an off axis position (transient state). From this position, the
head binds the desired binding site while ATP hydrolyses. e The step completes as the head binds
actin and is repeated by the other head in the same direction dictated by the initial torsional strain.
f Schematic representation of both heads” movement (lateral projection)
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It is important to point out that these conclusions do not reject the presence
of a diffusional search mechanism in the translocation dynamics of myosin. The
key distinction in this model is that the search space is reduced in dimensionality
by structural constraints and in this feature, we propose, lies the efficiency of the
processive unidirectional motion. Evidence for the Brownian search mechanism is
provided by the measured positional autocorrelation time of 0.3 ms, which shows
good agreement with the value predicted theoretically [24]. However, given that most
traces were recorded at an exposure time (0.56 ms) comparable to the autocorrelation
time, the inherent features of diffusional search were simply missed. However, the
location of the transient state, the fact that in several thousand steps a single step with
transient localisations on both sides of the actin filament was never observed, together
with a predominantly perpendicular orientation of myosin relative to the surface
caused by our surface preparation, suggest that diffusion is indeed constrained.

Any label-induced or unwanted steric interactions between the label and the
surface as a possible source of this type of motion can be ruled out by the fol-
lowing experimental observations: presence of the transient state for smaller sized
labels (Fig. 5.8a, b), changes in contrast during translocation (Fig. 5.3a), lack of non-
specific binding by surface passivation, lack of localisations along the actin filament
during the one-head bound state (Figs. 5.10b, 5.13b) and the agreement between tran-
sient state lifetimes by alternative labelling strategies and single-molecule methods
[6, 8, 9].

5.4.5 Relationship Between the Transient State
and the AB Transition

The spatial pattern between the transient state position and the AB transition
(Fig.5.10) provides evidence that the AB transition cannot solely be a consequence of
a steric interaction between the label and the lever arm. If so, the AB transition would
occur only along one direction rather than the two observed, irrespective of whether
right- or left-handed walking occurs. Furthermore, although our data demonstrates
that the power stroke is associated with the AB transition and the corresponding
N-terminus rotation, there is no sufficient experimental evidence at the moment to
support a direct causal link between the 20° rotation and the transient state off-axis
position. Instead, the off-axis position of the transient state and the direction of the
AB transition can be explained by the release of built-up strain on the trailing head
upon detachment. This strain is built up initially within the head domain and trans-
mitted towards the lever arm upon each subsequent actin binding event of the motor
domain, namely when one of the heads twists before strong attachment to the same
actin filament [55].
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The proposed hypothesis assumes that the power stroke conformational change
in the N-terminal domain measured as the AB transition acts as a strain release
reporter. This pre- to post-power stroke conformational change is critical for the
rearrangement of the nucleotide binding pocket and/or closure of the internal cleft as
it drives the actomyosin energy transduction cycle towards completion. This means
that the system can only relax, i.e. the energy stored in the actomyosin complex
from the ATPase reaction only becomes available, when the trailing head detaches
from actin. An alternative explanation based on the lever arm displacement being
responsible for the transient state position can be dismissed upon the observation
that the transient state is either to the left or to the right of the filament.

5.4.6 Directionality of the Symmetric Hand-Over-Hand
Mechanism

Correlative fluorescence and iSCAT measurements demonstrate that myosin walks in
a symmetric hand-over-hand manner where each head swings 180° on the same side
of the actin filament, resulting in either a continuous clockwise or counterclockwise
rotation. As a corollary, either the cargo rotates together with the motor or there is
a swivel within the structure of myosin that releases the built up strain between the
cargo and the protein [56]. Evidence for the former has been recently reported but was
attributed to thermal motion rather than a symmetric hand-over-hand mechanism, as
determined from tracking the position and orientation of a quantum road conjugated
to the tail domain of myosin [41].

If myosin walks symmetrically in a hand-over-hand fashion, then the question
arises as to what determines the directionality and how this is achieved. Our obser-
vations that the directionality of the transient state may change upon binding to a
different actin filament rule out the possibility that this decision is an intrinsic property
of the protein and instead suggest that the actin filament is involved in the decision
making process. Otherwise, the motor would retain its orientation irrespective of
changing filament. If actin alone determines the directionality, an equal occurrence
of events for each type of motion would be expected, however this was not observed
experimentally. Although steric interaction with the surface could induce a prefer-
ence for a certain directionality due to an initially constrained binding angle, i.e.
could be a symmetry breaking element, the predominantly perpendicular orientation
of the molecules with respect to the glass surface should be the least affected by this
interaction. Although a pure actin filament contribution is very unlikely, our data
does not provide any further experimental evidence to reject this hypothesis. This
could be addressed by tracking multiple proteins translocating along the same actin
filament. In this case, the actin hypothesis can be ruled out if multiple sidedness
occurred within a single filament for different molecules.
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An alternative explanation can be proposed, where the initial interaction between
myosin and actin in the form of the first binding event determines the directionality.
This initial binding of the two heads involves a twisting motion, which inherently
leads to a build up of torsional strain that is repeatedly stored and released as the
protein moves along. This torsional strain in turn leads to the constrained search
space and the resulting efficient unidirectional motion previously discussed. It is
still unclear how the direction of the initial twist is determined or what causes the
symmetry break. One possible option is that the direction of the initial twist is the
result of thermal fluctuations, and the symmetric breaking event is simply an effect
of the label size or labelling position.

5.5 Conclusion and Outlook

By tracking gold particle labels attached to the N-terminus of myosin 5a with interfer-
ometric scattering microscopy at simultaneous high temporal resolution and localisa-
tion precision, a conformational change in the N-terminus domain that is associated
with the power stroke while the head is bound to actin was directly observed exper-
imentally for the first time. In addition, our results revealed a transient state during
the one head bound state, whereby the detached head moved to the next actin binding
site via a constrained search space defined by the structure of the molecule. Correla-
tive fluorescence and iSCAT measurements showed both heads of the homodimeric
protein follow identical paths along the actin filament, thus confirming that myosin
walks symmetrically in a hand-over-hand fashion. More importantly by connecting
these results, we provide a mechanism that explains how myosin 5a moves efficiently
along the actin network, which may serve as a blueprint for the development of arti-
ficial molecular motors and shed new light on the highly efficient mechanochemical
cycle of cytoskeletal motors [57-59].

Beyond providing a model for the unidirectional motion of myosin, the results
presented in this chapter serve as a proof of concept for at least two future avenues
of research and applications of iSCAT towards unravelling structural dynamics of
biological systems. On one hand, our approach of using a nanoscale label as an
amplifier of conformational changes may become a general tool to study Angstrom-
scale structural dynamics of proteins much like FRET [60]. Here the rational design
of the labelling scheme will depend on the size and nature of the structural change and
the attachment site of the label, thus possibly representing the major experimental
challenge. Nevertheless, the use of a single nanoscopic amplifier, as opposed to
FRET, offers a higher achievable temporal resolution and reduces the complexity
of the labelling route by using a single marker. The use of fewer markers, also
avoids the possible scenario when both donor and acceptor molecules are placed
within the same domain undergoing conformational change, which would inevitably
make the conformational change undetectable. At the moment, only the feasibility
of this approach has been demonstrated, but further experiments aimed to quantify
its applicability on different systems are needed.
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On the other hand, the use of high speed tracking with nanometre-scale pre-
cision opens the possibility to perform the equivalent process of super-resolution
microscopy on the temporal domain rather than on the spatial one [61, 62]. Analo-
gous to a motion capture suit, by extending these results to different labelling sites
along the structure of the myosin and performing correlative tracking with fluo-
rescence a more detailed and accurate picture of the underlying dynamics can be
obtained. For instance, the motion of the tail domain and lever arm during the one
head bound domain still remains elusive and could be addressed by simply changing
the position of the gold particle label. This approach is not restricted to myosin 5
as the same underlying principle governs the processive cytoskeletal motors such as
myosin VI and the whole family of kinesins and dyneins.

Finally, the three dimensional tracking capabilities of iISCAT [63] were not fully
exploited given lack of a calibration curve and thus the limited control and knowledge
over the intrinsic phase constant that is independent of the particle axial position.
Future experiments will greatly benefit from a proper characterisation and general-
isation of this intrinsic phase beyond specific experimental geometries. The appli-
cations are numerous from 3D tracking to the quantification and characterisation
of underlying potentials as previously accomplished for fluorescence measurements
[64, 65].
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Chapter 6 ®)
All Optical Label-Free Detection, ez
Imaging and Tracking of Single Proteins

Parts of this chapter have been adapted from the following publication: Ortega
Arroyo, J., Andrecka, J., Billington, N., Takagi, Y., Sellers, J. R. and Kukura, P.
Label-Free, All-Optical Detection, Imaging, and Tracking of a Single Protein. Nano
Lett. 14, 2065-2070 (2014) [1] and are copyright (2014) by the American Chem-
ical Society. All work presented in this chapter was performed by myself and Dr.
Andrecka, with equal contribution in terms of experiments and analysis of each
experiment. Dr. Yasuharu Takagi and Dr. James R. Sellers provided the myosin V
constructs.

6.1 Introduction

Until now, the belief that the optical signal produced by an individual protein is
orders of magnitude too small to be measured with an optical microscope has been
considered a common dogma in optical spectroscopy. With the exception of fluores-
cent proteins, optical studies of proteins at the single-molecule level have depended
on fluorescent labelling, but this has its own shortcomings as addressed in previous
chapters. As a result, all-optical alternatives that achieve single-protein detection in
the absence of any labels have been extensively sought.

An ideal label-free all-optical measurement for the life-sciences should satisfy
the following criteria: not rely on the existence of a strong optical resonance, provide
some level of information on the identity of the molecule, work under physiological
conditions (temperature, presence of buffers, pH), be capable of providing informa-
tion on dynamics, and possess imaging capabilities. Several alternatives have been
proposed, however none of them fulfil each requirement. These alternatives have in
common the need to either: amplify the weak signal from the molecule of interest,
or control and subsequently suppress the background noise.
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Under biological conditions, signal amplification can be achieved by either
plasmonic—or cavity-based enhancement. All these previous approaches have in
common that the protein signal is read out indirectly thanks to the presence of a
structure with dimensions comparable to or larger than a protein.

Plasmonic-based approaches exploit the local surface plasmon resonance proper-
ties present in metallic nano-structures; specifically, the local electric field enhance-
ment by several orders of magnitude over a very small volume otherwise known
as a plasmonic hot spot and the local refractive index dependence on the plasmon
resonance spectra, to indirectly detect signatures from single molecules. Examples
using plasmonic hot spots have materialised in the form of surface-enhanced Raman
scattering detection, which offers unique chemical fingerprinting and remarkable
sensitivity [2, 3] at the cost of precise positioning of the molecule in the plasmonic
hot-spot. Whereas, photo-thermal [4] and darkfield spectroscopy [5, 6] have capi-
talised on the detection of small spectral shifts caused by local refractive changes
upon the binding of a molecule to the surface of a plasmonic structure. In both
approaches, dynamics in the form of interaction kinetics can be extracted, but any
spatial information of the single molecule event is unavailable by design.

The principle of cavity-enhancement relies on repeating the weak light-matter
interaction multiple times. This is realised experimentally by coupling light into a
micro-resonator structure, whereby a single-molecule event, in the form of substrate
binding, increases the resonator optical path length and therefore, results in a shift of
the cavity resonant wavelength. Despite being the most sensitive method available,
[7, 8] the detected signal neither scales with molecular properties nor does it contain
any spatial information, which complicates quantitative characterisation.

The other category of approaches, which read out the signal from a single pro-
tein directly, are based on noise suppression and more importantly strong electronic
transition dipoles in the visible spectrum. Three approaches have materialised in the
form of extinction [9], stimulated emission [10], and photo-thermal [11] detection.
Despite the sensitivity, these approaches are unsuitable for studying dynamics in the
context of biological systems due to the requirement of special imaging mediums,
such as polymer matrices or glycerol, and the fact that most biological molecules
lack strong optical resonances.

Yet another alternative for direct detection can be proposed on the basis that
the size of a single protein is less than two orders of magnitude smaller than the
diffraction limited area, which means that upon illumination, the amount of light
scattered by the protein is non-negligible, constant and detectable. Therefore, the
challenge in detecting the signal from a single protein, analogous to other direct
detection approaches, consists in precisely measuring and removing the overwhelm-
ing background signal. In this chapter I provide a proof of principle study with the
molecular motor myosin 5a heavy meromyosin, which demonstrates that interfero-
metric scattering microscopy satisfies all the above requirements for a truly label-free
all-optical measurement platform operating at the single-molecule level. The choice
of myosin 5a is motivated by decades of single-molecule characterisation using dif-
ferent techniques and the fact that its processive properties serve as robust indicators
of single-molecule detection [12].
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6.2 Experimental Methods

6.2.1 Experimental Setup Parameters

For single-protein detection experiments, a 166x magnification (63.6 nm/pixel) was
used with a field of view of 104 x 104 pixel>. Data was recorded at a frame rate
of 1.7 kHz and the differential images time-averaged to 10 Hz. For single-protein
tracking experiments with a higher sensitivity and bandwidth, the magnification was
increased to 333x with a field of view of 128 x 128 pixel®. Data was acquired at
1.0 kHz and the differential images time-averaged to 25 Hz. The incident power for
all measurements was adjusted to near-saturation of the CMOS camera for optimum
sensitivity, which for a 1.0 ms camera integration time corresponds to an intensity
of 2.5 and 10 kW/cm? for 166x and 333 x magnification, respectively.

6.2.2 Sample Preparation

Rabbit skeletal muscle actin [13] and mouse myosin 5a HMM [14] with a C-terminal
GFP were prepared as described. A 20 pM actin stock solution was prepared in
polymerization buffer (10 mM imidazole, 50 mM KCl, 1 mM MgCl,, | mM EGTA,
pH 7.3 containing 2 mM DTT, 3 mM ATP). Actin was diluted in motility buffer (MB;
20 nM MOPS pH 7.3, 5 mM MgCl,, 0.1 mM EGTA) 50-100 times.

The flow cell was rinsed with 1 mg ml~! solution of poly(ethylene glycol)-poly-1-
lysine (PEG-PLL) branch copolymer (Surface Solutions SuSoS, Switzerland) in PBS
and incubated for 30 min. Next, it was washed twice with MB and actin solution
was added. After 5 minutes of incubation the chamber was washed with MB and
the surface was blocked by adding 1 mg ml~! BSA in MB buffer and subsequent
incubation for 5 minutes. 2—10 nM myosin solution (MB containing 40 mM KClI,
5 mM DTT, 0.1 mg ml~! BSA and 5 pM calmodulin) was added, incubated for 5
minutes and then washed. Upon addition of ATP, myosin movement was observed.

6.3 Experimental Results

6.3.1 Label-Free Detection of Actin Filaments

Interferometric scattering was performed under confocal beam scanning illumina-
tion at A = 445 nm to achieve higher levels of sensitivity compared to longer wave-
lengths. In the absence of myosin, the label-free imaging sample only consists of
actin filaments immobilised on the glass coverslip by weak electrostatic interactions
with the PEG-PLL branch co-polymer. Upon flat-fielding the raw images, individual
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Fig. 6.1 Label-free detection of actin filaments. a Wide-field image of unlabelled actin filaments
immobilised on a coverslip. Scale bar: 5 pM (black line). Marked cross-section: 11.5 pM (blue
line). b Magnitude of the interferometric signal from individual actin filaments. Top panel: scheme
illustrating the amount of material within a diffraction-limited area. Bottom panel: Corresponding
cross-section from (a) with blue arrowheads marking the signal from three visible actin filaments

actin filaments together with nanometre glass roughness were observed as shown in
Fig.6.1a.

As described in Chap. 2, the magnitude of the interferometric signal depends on
the scattering amplitude of the material found in within a diffraction limited area,
which in turn scales linearly with the molecular weight of the object. In the case
of an actin filament, a diffraction limited spot (200 nm) contains approximately 75
G-actin subunits which add up to a total molecular mass of 3.1 MDa (Fig.6.1b).
To estimate the relative contributions of the iSCAT signal produced by individual
actin filaments and the remaining static background, line cuts were taken from each
image (Fig.6.1b). Here, actin filaments generated a signal on the order of 1.0 %,
while the static background fluctuated by 0.3 %; thus ensuring a sufficient SNR
to confidently distinguish the filaments. Comparison with previous experiments on
another macromolecular complex, the simian virus 40 virus-like particles with a
molecular mass of 15 MDa and an iSCAT signal of 4.5 %, [15] confirm the linear
dependence of the scattering signal on molecular weight.

6.3.2 Label-Free Detection of Single Proteins

The linear dependence of the scattering signal on the number of protein molecules in
the focus of the microscope poses the question whether individual proteins, specif-
ically myosin 5, can be detected label-free. Based on the molecular weight of the
specific myosin 5a construct used in this study (502 kDa), the iSCAT contrast for
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an individual protein is expected to be on the order of 0.15 %. We remark, that this
construct contains two GFP moieties with strong optical resonance transitions (< 50
kDa), however the size of these moieties and choice of excitation wavelength would
not mask the signal produced by the motor protein, as the expected iSCAT contrast
from the GFP moieties would not exceed 0.01%.

Given the magnitude of the expected signal for myosin 5a, the static scattering
background produced by individual actin filaments and the roughness of the glass
overwhelms any contributions from the molecular motor. As a result, direct detec-
tion of myosin 5a is infeasible. However, upon addition of ATP myosin S5a HMM
translocates along the actin filaments and thus becomes the only mobile scattering
object in the sample. Hence, dynamic imaging (Chap. 3) should only reveal changes
in sample scattering due to dynamic objects, in this case myosin Sa.

For dynamic imaging, an image containing all the static iSCAT features in a time-
lapse video was generated (Fig.6.2a). Next the number of frames in the acquired
sequence that lacked a myosin 5a HMM signal was determined. This was achieved
by subtracting the last frame from all other frames in the sequence and then time-
averaging 20 consecutive differential frames together to reveal potential myosin Sa
HMM signals. If the number of frames lacking a myosin HMM signal exceeded 100
then these images were averaged to produce the static iISCAT background image.
Otherwise a temporal median filter was performed over the range of images in which
the myosin S5a HMM molecule was processive, typically greater than 1000 frames,
to avoid ghosting artefacts.

After subtraction by the image with the static features, the resulting frames con-
tained signals due to mobile features and background noise. Under ideal conditions,
the noise is dominated by fluctuations in the background level caused by shot noise
in the detection of photoelectrons by the imaging system. Given that our camera
saturates at 2 x 10° photoelectrons per pixel, the resulting baseline noise was on the
order of 0.3 % root-mean-squared.

Even under ideal conditions, the background noise from a single shot masked the
signal from mobile myosin Sa motors. We therefore averaged consecutive differential
images to increase the detected photon count per pixel and with it the detection
sensitivity. Specifically, we averaged 170 frames and thus reduced the detection
bandwidth to 10 Hz, and as a result collected an equivalent of ~2 x 107 photons
per pixel. This translated into baseline fluctuations on the order of 0.024 %, thus
enabling the detection of weak and mobile scattering features. Under these imaging
conditions and in the presence of ATP, we observed several diffraction-limited spots
that spatially overlapped with the actin filaments (Fig. 6.2b).

Furthermore, the distribution of iSCAT contrast was evaluated from 249 different
diffraction-limited spots obtained from several tens of image stacks (Fig.6.2c). No
selection criteria other than colocalisation with an actin filament was considered in
the analysis of the diffraction-limited spots. The contrast values were determined as
the pixel value corresponding to the centre of mass of the point spread function, and
only a single frame per diffraction-limited spot was included in the analysis. As a
result, a uni-modal distribution with an average contrast of 0.18 % and a spread of
about 30% was obtained in good agreement with our theoretical prediction based on
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Fig. 6.2 Dynamic imaging of unlabelled myosin 5a. a Image containing purely stationary iSCAT
features obtained by taking the median over a sequence of images of 500 frames. b Time-averaged
dynamic iSCAT image after subtraction of the stationary features obtained from (a). Here 170 frames
were binned together to improve the SNR, as a consequence there is an order of magnitude decrease
in the intensity-scale from (a) to (b). Scale bars: 1 pm (black line). Raw images were collected at
a camera exposure set at 0.40 ms with a frame time of 0.58 ms, [ATP]=5 wM. ¢ Distribution of the
interferometric signal from 249 processive molecules collected over 15 replicates

molecular weight alone (0.15 %) and in correspondence to typical single-molecule
intensity distributions. [16]

With regards to the spread of contrasts, this can be assigned to small variations in
focusing, the lack of control over the orientation of the protein relative to the incident
polarisation, and possible displacements of the protein relative to the substrate.

6.3.3 Detection Sensitivity of iSCAT

To characterise the effect of time-averaging on the detection sensitivity the standard
deviation of the entire image at 166x magnification as a function of the number
of frames averaged was calculated and compared with the visibility of the signal
assigned to a myosin 5 motor. Qualitatively this is illustrated in Fig.6.3a, where
the cross-section of a differential image containing a signal assigned to a myosin 5
motor is displayed at different values of frame-averaging. For no frame averaging,
the standard deviation amounts to 0.3 % as expected from the well depth of the
imaging camera. However, as frame-averaging increases, the baseline fluctuations
drop below the level of 0.2 %, thus enabling detection of the weak mobile scatterer.

The evolution of the image noise as a function of the number of averaged images
follows shot noise behaviour up to 100 frames (Fig. 6.3b). Assuming that the 0.18%
diffraction-limited spot signals correspond to individual myosin 5a molecules and
that all proteins exhibit similar refractive index, we translated the image noise axis
into the detectable molecular weight of a protein complex at a signal-to-noise ratio of
one. Under this assumption the current experiment achieved a shot-noise detection
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Fig. 6.3 Detection sensitivity of an iSCAT biosensor. a Horizontal cross-section of a diffraction-
limited spot detected in dynamic imaging mode as a function of images averaged. The signal is
assigned to myosin 5a due to its processive nature, characteristic 37 nm steps and contrast value of
0.18%. b Background noise in the biosensor as a function of the number of frames averaged and the
corresponding camera integration time used in this measurement. Solid line indicates theoretical
shot noise behaviour. Second vertical axis refers to the detectable molecular weight of a protein
complex at a SNR = 1 using the signal from myosin 5a as a calibration point and assuming similar
refractive indices. Dashed lines represent the average signal from individual actin filaments (blue)
and myosin 5a (red). Shaded areas indicate denote regions where a SNR > 1 can be achieved

limit of 60 kDa, which corresponds approximately to a single bovine-serum-albumin
molecule. After this point other noise sources, such as mechanical drift in the sample
on the order of tens of nanometres and small fluctuations in laser intensity, dominate
and no significant reduction in noise is obtained by temporal-averaging.

Furthermore, as long as the experiment is performed within shot-noise-limited
conditions, the accumulation of photon counts per pixel can be performed either by
spatial or temporal averaging. In fact, a background-subtracted image sequence taken
1.0 kHz at 333 x magnification and then spatially binned to 166 x, achieves the same
sensitivity level as averaging four images together; thus resulting an overall gain in
detection bandwidth. Thus, in principle all-optical detection of myosin 5a molecules
is possible at frame rates approaching 1.0 kHz in our experimental setup.

6.3.4 Comparison of Single-Molecule Fluorescence and
iSCAT Imaging

The specific binding to actin, the processive motion along these filaments in the pres-
ence of ATP, and the uni-modal iSCAT signal distribution suggests that the detected
diffraction-limited spots indeed correspond to myosin 5a molecules. Nonetheless,
whether these signals arise from aggregates rather than individual motors needs to
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Fig. 6.4 Consecutive imaging of myosin 5a by TIRF and iSCAT. a Representative images of the
same myosin 5a sample viewed by total-internal fluorescence (top) and interferometric scattering
(bottom) microscopy. Scale bars: 1 wM. b, ¢ Kymograph and fluorescence intensity time-series
depicting the expected two-step photo-bleaching of the GFP fusion moiety found on a single myosin
5a molecule

be addressed. Aggregate formation would significantly alter the kinetics of translo-
cation and in some cases may lead to the loss of function. Given that conventional
single-molecule tests such as anti-bunching, single-step photo-bleaching and photo-
blinking do not apply to iSCAT we performed single-molecule fluorescence assays
using the same sample preparation by detecting the signal from the GFP fusion
moiety (Fig. 6.4a).

The detected fluorescence signal followed the kinetics and two-step photobleach-
ing expected from single myosin 5a molecules (Fig.6.4b—c). Furthermore at the
motor concentrations used, movement along the actin filaments was robust and no
aggregates were detected. Upon transferring the same sample onto the iISCAT micro-
scope, similar occurrence of translocation and transient binding events of myosin 5a
were observed (Fig. 6.4a), suggesting that the signals in iSCAT are indeed represen-
tative of single myosin 5a molecules.

This experiment was performed in two separate microscopes and thus only consec-
utive rather than simultaneous iSCAT and fluorescence measurements were available
as aconsequence of the excitation wavelength used and the higher intensities required
for iISCAT detection. However, correlative iSCAT and fluorescence could be easily
achieved by shifting the iISCAT illumination further into the red, A > 520 nm, so
that no overlap with the absorption spectra of GFP occurs.
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6.3.5 Observation of Single-Molecule ATP-Dependent
Kinetics

As an additional proof for single-molecule detection the processivity of the detected
myosin 5a signals was measured as a function of the concentration of ATP and
the results compared with those obtained with other single-molecule methods [17,
18]. The run lengths and velocity were determined from single-particle tracking
experiments, whereby the centre of mass of the PSF was calculated from a fit to
a 2D-Gaussian function. Only molecules with actin binding and unbinding events
were used in the determination of the run length distribution; whereas all the detected
molecules were used for the run velocity. Run velocities were evaluated as the total
distance travelled over the full observation time.

Velocities (Fig. 6.5a) and run lengths (Fig. 6.5b) at saturating ATP concentrations,
1 mM, were typical for single-molecule studies of myosin 5a [17-20]. Furthermore
from measurements of run velocities at different ATP concentrations (Fig. 6.5¢c), the
ATP binding and ADP release rate constants were extracted after fitting the data to a
kinetic model previously described [18]. The extracted rate constants are in excellent
agreement with the single-molecule kinetic studies.

6.3.6 Nanometric Tracking of Individual Myosin Molecules

When the SNR ratio was high enough to perform sub-10 nm localisation precision at
a detection bandwith of 25 Hz, characteristic 37 nm steps were observed (Fig. 6.6).
The localisation precision was assessed by the error in the fit from the 2D Gaussian
function to the PSF given that detection of immobilised myosin signals for more than
a couple of data-points was not possible. Nevertheless, these traces were obtained
at 10 pM ATP, and thus contain segments without any visible steps. This can be
alleviated by reducing the stepping rate via tuning the concentration of ATP.
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Fig. 6.5 Processivity of unlabelled myosin Sa at the single-molecule level. a, b Run velocity
and processivity at saturating ATP concentrations (1 mM, n = 91). ¢ Run velocity kinetics as a
function of ATP concentration. The solid curve represents the best fit to the kinetic model: V =
ds/(1/k[AT P] + 1/kz), where ds represents the average step size assumed to be 37 nm, k; the
second order ATP binding rate constant and kj the first order ADP release rate constant
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Fig. 6.6 Label-free single-particle tracking of myosin 5a. a Distance travelled for single myosin
Sa molecules with different contrasts at 10 WM ATP concentration. Imaging speed: 25 Hz. Inset:
Step size distribution. b Corresponding localisation precision assessed by the error associated with
the fit for the different molecules shown in (a)

6.4 Discussion

The above observations and the excellent match between expected and observed
iSCAT contrast for a single myosin 5a HMM molecule together with the following
arguments strongly suggest that the observed moving objects are single myosin 5a
molecules and not aggregates or other species. The movement of the detected signals
was very robust, which is inconsistent with aggregates given the negligible amount
of aggregation observed in the sample preparation. If the moving signals represented
only a few percent of the total myosin 5a present, then the actin filament would have to
be saturated with moving, non-detectable single myosin 5a molecules. Nevertheless,
if such would be true the fluorescence assays performed would have shown a large
saturation.

In the experiments reported here, the sensitivity limits were near the 10~* level and
could not be further improved because of sample drift and nanoscopic motion of the
actin filament. Since all objects on the sample surface produce an iSCAT signal, small
changes in sample position due to drift or nanoscopic motion of the objects assumed to
be static produce dynamic signatures that can potentially be confused for individual
binding events. For instance, a 10nm displacement of an actin filament with an
original iSCAT contrast of 1.0% produces a differential contrast on the order of 0.1%,
which is comparable to that of a single myosin 5a motor. As a result, the subtraction
of time-averaged background images eventually introduces unwanted signatures and
thereby departs from the desired shot noise limited behaviour. We reduced these
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effects partially in the experiments reported here by feedback stabilisation of the
objective-sample distance to within 10 nm, but the dominant noise source for this
proof-of-principle experiment was the residual motion of actin filaments.

At the time, these experiments were performed on a microscope placed on pas-
sively stabilised optical table and the samples were not securely held on top of the
specimen holder. The use of more advanced vibration isolation equipment common
to AFM/optical tweezers [21] and full 3D stabilisation, using for example the cross-
correlation method described in Chap. 3, would ensure shot noise-limited sensitivity
at the 1072 level, enabling label-free detection with high SNRs, 10, down to the few
tens of kDa. [22] Alternatively a camera with a larger full-well capacity could achieve
the same sensitivity within a single-shot, and thus would reach a lower sensitivity in
the time-scale where drift dominates the noise.

The main advantage of this approach is that it is compatible with most of the tech-
nologies developed for surface plasmon resonance sensing, i.e. detection of bind-
ing/unbinding events to specifically functionalised surfaces. The substrate becomes
even more simplistic as it only consists of a glass coverslide, rather than a gold sur-
face. The sensitivity is higher, with current limitations set largely by the availability
of optimised detectors rather than the approach itself. The signal magnitude scales
linearly with molecular weight and is independent of the binding site. One poten-
tial drawback of this approach is that little information about the molecule can be
extracted beyond the molecular weight and that any scatterer is visible leading to
potentially high backgrounds when residual scattering cannot be controlled.

6.5 Conclusion and Outlook

Our results disprove the notion that the scattering cross-sections of single proteins
are orders of magnitude too small to be detected in an optical microscope. The
presented detection modality does not require any specific molecular properties, such
as strong transition dipoles, nor does it depend on sophisticated methodologies to
reduce laser intensity noise or nanoscopic amplification of the weak single molecule
signal. Instead, the imaging camera performs noise reduction automatically through
the accumulation of detected photoelectrons with time and no ultrastable laser sources
or specific refractive index environments are necessary. Together with the possibility
of combining iSCAT with single molecule fluorescence [15] and the potential for
unlimited observation times due to a lack of photobleaching our results enable novel
applications from bio-sensing to multidimensional tracking of single biomolecules.

Most if not all label-free optical microscopy have focused their efforts to the
detection of biological material in the form of single proteins, or DNA sequences.
Nevertheless, there is a no reason why label-free detection should be limited to such
applications, in fact one often overlooked application is the study of phase transitions
on the nanoscale. On the basis that different phases exhibit different refractive indices
and therefore varying degrees of scattered light, the nanoscale dynamic associated
with these events can be directly visualised if high enough sensitivity is achieved,
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which we have demonstrated in this chapter to be possible. In this respect and in the
context of biological systems, label-free single-molecule imaging could be applied to
study lipid and membrane associated processes such as vesicle fusion or nanoscopic
phase separation [23]. Similarly, the ability to image single proteins without labels
may enable dynamic studies of self-assembly phenomena such as amyloidogensis
[24] or microtubule/actin filament dynamics [25].
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Chapter 7 ®)
Single-Molecule Chemical Dynamics: e
Direct Observation of Physical

Autocatalysis

The work and data analysis routines presented in this chapter have been written by
myself. The experimental work and acquisition of data was performed by myself
and Andrew Bissette. The synthesis and subsequent ensemble characterisation of the
reagents and products of the reaction including magnetic resonance, mass spectrom-
etry and dynamic light scattering experiments were performed by Andrew Bissette.

7.1 Introduction

The field of life sciences has been one of the main targets for single-molecule studies,
partly due to its synergistic development with optical microscopy methods, and the
fact that the relevant length-scales are more closely associated with proteins rather
than molecules. Nevertheless, there is no reason why these single-molecule investi-
gations should be confined to a select number of disciplines. For instance, there are
numerous applications in chemistry where ensemble measurements are not sufficient
to measure, explain or characterise the observed dynamics, thus making them ideal
targets for these type of studies.

One such case is autocatalytic reactions, whereby the product of a reaction acts as
a catalyst. These set of reactions, specifically those involving the self-reproduction of
lipid aggregates such as micelles and vesicles, play an important role from the origin
of life perspective [ 1-3]. Namely because pure physical processes, such as component
mixing upon the formation of self-assembled lipid aggregates, can increase the rate
of product formation and thus drive the emergence of complex behaviour. Commonly
classified as physical autocatalytic systems, these reactions are particularly attractive
because they serve as models to investigate the dynamics of heterogeneous self-
reproducing protocellular systems [4—6].
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In terms of dynamics, physical autocatalytic systems are ideal for label-free
single-molecule investigations, specifically because many of the observed phenom-
ena remain poorly understood or have only been observed in the absence of any
temporal characterisation [7, 8]. Vesicle growth, elongation, budding, and fusion
are all examples of such complex behaviour that have been documented by using
a combination of ensemble methods such as NMR spectroscopy [9], dynamic light
scattering [7, 10], and FRET [11]. However, the major barrier to a comprehensive
account of these processes has been the small size of the most relevant precursors:
micelles and vesicles, which make direct and real-time detection currently not pos-
sible. Overcoming this limitation would provide valuable insight into the factors
governing the behaviour of physical autocatalysts and the mechanisms by which
micelles and vesicles reproduce. Developing a more complex model of these sys-
tems would, in turn, aid the development of novel protocellular systems, improve our
understanding of compartmentalisation and self-reproduction of prebiotic systems,
and on a more general level provide the technical framework to study assembly and
phase transitions processes at the nanoscale.

In this chapter I present the application of iSCAT as a label-free sensor to monitor
and characterise the progress of an physical autocatalytic chemical reaction in situ.
The chemical reaction studied is an analogue of a recent example of physical auto-
catalysis, which is based on the conjugate addition of hydrophobic thiols to polar
alkenes to give micelle-forming products [12].

7.2 Experimental Methods

7.2.1 Experimental Setup Parameters

For super-resolution and single micelle detection experiments, the magnification of
the system was set to 333 x with a field of view of 8.1 x 8.1 um?. iSCAT was
performed under confocal beam scanning with a A = 445 nm excitation. Data was
acquired at 1.0 kHz and the differential images were time-averaged to 6.6—-10 Hz
bandwidth to improve the photon count. The incident power for all measurements
was adjusted to 10 kW/cm? for 1 ms exposure time.

For reaction kinetic studies, the sample was monitored for at least 25 min at a
sampling rate of 10 image sequences per minute, where each sequence contained
1000 images equivalent to 1 s of acquisition.

7.2.2 Sample Preparation

Borosilicate glass coverslips (No. 1.5, 24 x 50 mm, VWR) were first rinsed sequen-
tially with Milli-Q water, ethanol and Milli-Q water. To increase hydrophilicity the
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coverslips were etched by bath-sonication in a 1 M HCI solution for 10 min. Then,
the coverslips were rinsed extensively with Milli-Q water for 4 min and subsequently
dried under a stream of dry nitrogen.

Reaction chambers were assembled by placing a CultureWell silicon gasket with
a total holding volume of 15 pl (Grace Bio-Laboratories, Bend, OR) onto the glass
substrate. The thiol-ene bond forming reaction was performed by: first adding 4
wl of Milli-Q water to the hydrophilic surface to create an aqueous layer, followed
by 2 pl of neat, 9-cis-octadene thiol, thiol reagent; and finally 4 pl of 1.2 M of
2-methacryloxyloxyethyl phosphorylcholine (MPC) in 400 mM Cs,COj; solution,
MPC reagent. The thiol reagent, due to its hydrophobic nature, was pipetted gently
onto the surface of the hydrophobic silicon gasket to increase the reaction surface
area. Imaging started upon addition of the MPC reagent into the aqueous layer.
All starting materials were filtered through 200nm pores to minimise detection of
extraneous scattering signals.

For the lateral interfaces and formation of small hydrophobic droplets of the thiol
reagent, Milli-Q water and thiol were simultaneously pipetted onto different positions
of the surface of the glass before the addition of MPC.

7.3 Results and Discussion

7.3.1 Detection of Micellar Aggregates as the Product
of the Chemical Reaction

The system studied consisted of an autocatalytic reaction at the interface between
an aqueous layer containing MPC and an organic layer containing the thiol reagent
placed in an axial geometry on top of a microscope coverslip (Fig.7.1a). The product
of the reaction, a surfactant molecule, aggregates above a critical concentration and
acts as a physical autocatalyst by increasing the surface area of interaction between
the reagents. The surfactant aggregates diffusing into the aqueous layer were detected
by iSCAT upon non-specific binding to the glass substrate.

To determine whether iISCAT has the sensitivity to detect individual surfactant
aggregates, a solution containing exclusively these aggregates was added to the reac-
tion chamber and subsequently imaged. The detection of these surfactant aggregates
was achieved by the principle of differential imaging described in Chap. 3. Specifi-
cally, the set of acquired images was processed via differential imaging with a time
offset At = 100 ms, temporally averaged to a detection bandwidth of 10 Hz, and
finally 2 x 2 spatially binned to produce images containing diffraction-limited fea-
tures on the order of 0.1% such as Fig.7.1b.

It is important to emphasise that a running temporal average rather than just
temporal averaging was applied for the analysis of all differential images, specifically
the characterisation of the detected signals. By running a temporal average on the
differential images, the rate of false positives was reduced and the recovery rate of
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Fig. 7.1 Visualising physical autocatalysis by interferometric scattering microscopy. a Dia-
gram of the biphasic reaction of aqueous MPC (orange) with neat water-insoluble 9-cis-octadene
thiol (purple) carried out on a microscope coverslip. The product of the reaction, a surfactant,
aggregates above a critical concentration and acts as a physical autocatalyst. Upon illuminating the
sample with a coherent light source, surfactant aggregates (hollow spheres) bound to the surface,
scatter light. Light that is backscattered from the surfactant aggregates together with that reflected at
the aqueous/coverslip interface, contribute to an interferometric signal that is detected on a camera.
b Representative image of single micelles binding to the coverslip surface after subtraction of the
static scattering background. Scale bar: 2 wm ¢ Distribution of the iSCAT contrast for a solution
containing exclusively the surfactant aggregates. Inset: corresponding DLS number distribution

true positives was increased. This is a consequence that a single (un)binding event
would be counted multiple times, contrary to a signal attributed to spurious noise.

To avoid repeated counts, single (un)binding events were only identified on the
basis of having a trajectory length with at least four localisations and at most twice
the length of the temporal average, in this case 100 images. Particle tracks, were
generated by amodified cost matrix method described in Chap. 3. Assignments within
the cost matrix were determined by the greedy approach; namely, by minimising the
distance between features in consecutive frames found within a search-radius of 40
nm. Features with the minimum distance exceeding the search radius were classified
as having no connectivity. The signal contrast associated to the binding events of this
positive control exhibited a unimodal distribution with an average centred at 0.09%
(Fig.7.1c¢).
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The average diameter of 6 nm for the surfactant aggregates as confirmed by DLS
(Fig.7.1c, inset), a typical iSCAT signal on the order of 0.1% for a single protein
(Chap. 6), and the unimodal distribution of detected signal for the surfactant product,
all provide evidence to strongly support that the diffraction-limited features corre-
spond to individual micelles. Thus these results confirm that iSCAT has the sensitivity
to image, localise and track individual micelles label-free.

7.3.2 Super-Resolution Imaging of the Progress
of the Reaction

To monitor the progress of the reaction at the single-micelle and -vesicle level, data
was acquired from an axial liquid/liquid interface. Here the underlying assumption
is that to a first approximation, the rate of product binding to the surface is propor-
tional to its concentration in solution, and therefore indicative of the progress of the
reaction. The reaction occurred on a time-scale over tens of minutes and detection of
the weak scattering signals required extensive temporal frame averaging, Ar = 150
ms. Therefore, continuous acquisition and subsequent data storage were infeasible
with the available computational resources. Thus only a subset of time intervals, cor-
responding to one second of data every six seconds, were sampled leading to image
sequences such as Fig.7.2a.

Although general changes in intensity and local topography were observed in the
flat-field images, no specific single-molecule signatures were discernible. However,
using the same differential imaging and spatio-temporal averaging as in the positive
control produced two types of diffraction-limited signals: dark and white, indicating
particle binding and departure/fusion events, respectively (Fig. 7.2b). The differential
images at the start of the reaction showed no binding events to the surface as expected
from the absence of micelles in solution. After a lag-time of approximately ten
minutes, particles landed on the surface at a rate that rapidly increased with time. A
similar behaviour was observed for the unbinding events.

Imaging itself only provided a qualitative assessment of the progress of the reac-
tion. By taking advantage of the stochasticity and relatively low binding density of
events, additional information regarding the number and location of each scattering
event was extracted by localising the centre of mass of each binding event and over-
lapping all of the positions onto a common map. As a result, super-resolution images
of the position of each binding and unbinding/rupture event within the field-of-view
of the microscope were generated (Fig.7.2c—d). The apparent sparsity in the super-
resolution maps was attributed to the non-optimal duty cycle of 0.16 caused by the
limited sampling rate. Nevertheless this issue can be addressed in the future by either:
increasing the sampling rate, using a higher full-well depth camera to minimise the
amount of images averaged, or tuning the speed of the reaction.

In addition to providing spatial information of each binding event, these super-
resolution images served to directly map dynamic interactions between the surfactant
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Fig. 7.2 Imaging the progress of a chemical reaction. a Flat-field corrected images of surfactant
aggregates binding to the coverslip over time. b Corresponding differential images of (a) after tem-
poral averaging of 150 consecutive frames and 2 x 2 spatial binning. The sign in the diffraction lim-
ited spots differentiate binding (dark) from unbinding/rupture (white) events. c—d Super-resolution
maps identifying the centre of mass of each binding and unbinding event, respectively. The timing
of each event is encoded with colour. Scale bars: 1 um

aggregates and the substrate. In the case of Fig. 7.2c—d, despite the rather uniform dis-
tribution of events, areas with higher binding and unbinding frequency were observed,
especially near the bottom middle portion of the images. These areas overlapped with
the regions of smooth and slightly different intensity present in the flat-fielded images
at later reaction times (Fig.7.2a). Considering the linear dependence of iSCAT on
the polarisability, and thus material properties of a nano-object, these specific areas
likely correspond to a different substrate composition than the rest of the coverslip.

The super-resolution images for binding and unbinding also exhibited a signifi-
cant level of spatial correlation. This could be interpreted as either a topographical
rearrangement upon the interaction of the micelle with the substrate, or the sub-
sequent unbinding of that micelle from an increasingly crowded surface. Further
analysis of the timing between spatially correlated binding and unbinding events,
and tuning of the functional groups on the surface could yield information regarding
the underlying substrate-micelle and micelle-micelle interactions, and is a matter of
ongoing investigation.
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7.3.3 Direct Observation of Bilayer Formation

Upon imaging the reaction for longer times, on the scale of one or two hours, we
directly observed the emergence of complex behaviour in the form of bilayer forma-
tion. This phenomena was characterised by a transformation in the relative rough-
ness of the image, from local heterogeneity at the diffraction-limited level caused by
individual surfactant binding, to completely homogeneous areas with significantly
smaller fluctuations in signal contrast (Fig.7.3). The onset of such behaviour corre-
lated with the areas in the super-resolution image with higher binding and unbinding
frequency as observed in Fig.7.2c—d.

Although bilayer formation was partially catalysed by the incident illumination
and the associated high intensities with confocal beam scanning iSCAT, the same
phenomena was observed throughout the rest of the sample area, except with a
delayed onset and much slower dynamics. This behaviour together with the frequent
observation of diffusion on the newly formed interface are in agreement with similar
experimental observations of macroscopic bilayer formation from vesicles deposited
on a glass surface [13]. The main differences of the work presented in this chapter
with the aforementioned iSCAT study are the chemical composition and size of the
surfactant aggregates.

The observation of bilayer formation demonstrates the feasibility of generating
complex structures and phase transitions from the autocatalytic reaction of sim-
ple prebiotic precursors partitioned across an aqueous/organic interface, a process
required for the formation and reproduction of cell-like objects. Furthermore these
results highlight the often neglected importance of surface interactions that can lead
to complex behaviour. As previously mentioned, a thorough analysis of the super-
resolution images between binding and unbinding events, together with substrate
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Fig. 7.3 Extended bilayer formation. a Cartoon illustrating the transition from nanoscopic
micelles and vesicles to an extended bilayer structure on the coverslip. b Flat-fielded image time-
series of the reaction between MPC and 9-cis-octene thiol after 20 min. Scale bars: 1 um
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modification would help elucidate the mechanism behind this nanoscale to mesoscale
assembly process.

7.3.4 Characterisation of the Reaction Kinetics

The super-resolution images of the overall reaction provide information regarding
the interaction between the surface and the product at the expense of information
regarding the temporal evolution. However, this temporal information was recov-
ered by analysing the corresponding time-course of binding and unbinding events
(Fig.7.4a). From these time-series the landing rates, i.e. the number of particles
landed normalised per unit area and observation time, were determined as a func-
tion of reaction time (Fig.7.4b). Under the assumption that the binding rates are a
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Fig. 7.4 Single-molecule Kinetics of physical autocatalysis. a Super-resolution time-series
emphasising the increase in binding events over time in the highlighted area of Fig.7.2c. b Charac-
terisation of the kinetics of physical autocatalysis by counting the number of binding events per unit
time and area. Data points with error-bars represent the average and respective standard deviation of
consecutive measurements sampled once every six seconds. Solid lines: fits for sigmoidal kinetics
for the reaction between MPC and thiol, (blue/orange) and the reaction between MPC and thiol
seeded with surfactant aggregates (purple). The seeded-reaction features an almost immediate high
reaction rate upon addition of the surfactant aggregates. Solid black line and corresponding data
points refer to the negative control consisting solely of the thiol starting material and an aqueous
solution of Cs,CO3. All reactions were performed on the same coverslip
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measure of the concentration of the product of the reaction, these landing rates pro-
vide a quantitative estimate of the reaction kinetics.

For the reaction between MPC and the thiol, the landing rates exhibited a lag time
of 5-8 min followed by a short exponential increase in the landing rate. After 10 min
the landing rate levelled-off analogous to a Langmuir adsorption isotherm (Fig. 7.4b,
blue, orange). Although there are differences in the rate of increase between two simi-
lar reactions conditions, these could just reflect the spatial dependence of the observa-
tion area relative to the location of the reaction, in this case the liquid/liquid interface.
Fits to a sigmoidal function provide evidence for the autocatalytic nature of the reac-
tion; nevertheless neither the level nor the time at which saturation was reached reflect
the completion of the reaction. Instead this observation can be attributed to the sat-
uration of the surface, which is further confirmed by the almost identical unbinding
kinetics.

A negative control, based on the absence of one of the starting materials, in this case
the alkene reactant (MPC), showed no activity as expected (Fig.7.4b, black). This
suggests that the observed surfactant aggregates are neither thiol-in-water drops nor
unwanted side-products of the reaction between the starting material and the silicone
gasket or glass surface. By contrast, inclusion of 1 mM product in the aqueous solution
eliminated the lag period, yielding rapid product formation upon addition of MPC
(Fig.7.4b, purple). It is not yet clear whether the difference in saturation levels is
solely a substrate saturation artefact.

The observation of a lag period prior to an exponential growth in landing rate
and its respective tuning under seeded conditions are indicative of a build up of
the surfactant concentration. This concentration builds up until it reaches the critical
micelle concentration, upon which aggregation and subsequent physical autocatalysis
occurs. It is also of critical importance to mention that all these reaction kinetics
were obtained from measurements on the same coverslips, thus validating the nature
of the positive and negative controls and ruling out experimental artefacts such as
cross-reactivity with other trace chemicals present in the sample. Taken together,
all these experimental observations confirm that the reaction is indeed autocatalytic,
and, on a more general level that iSCAT can be used to monitor a chemical reaction
quantitatively at the single-molecule levels and completely label-free.

7.3.5 Observation of Physical Autocatalysis in Situ

In the previous experiments, the rate of product formation was correlated with the
rate of binding events, given that direct imaging of the reaction interface was exper-
imentally inaccessible. Namely, the liquid/liquid interface was located beyond the
working distance of the objective, ~170 pm. To address this issue and thus directly
visualise the reaction in situ, the liquid/liquid interface was formed with a lateral con-
figuration. This was achieved by pipetting the thiol solution directly on the coverslip
followed by the aqueous solution, thus generating thiol-in-water droplets bound non-
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specifically to the glass surface (Fig.7.5a). Under these conditions, various dynamic
behaviours were observed.

Firstly for thiol droplets with radii on the order of a few pwms, small surfactant
aggregates budding directly out of the thiol-water interface and subsequently diffus-
ing into the aqueous layer were observed (Fig. 7.5b). A fraction of these aggregates
approached and non-specifically bound to the glass surface with autocatalytic bind-
ing kinetics analogous to the axial interface reaction conditions. In contrast to the
axially arranged liquid/liquid interface experiments, the magnitude of the interfero-
metric signal drastically varied over time. For instance, at the start of the experimental
observation, the scattering signal from the aggregates was smaller than the constant
scattering background present in a single frame. As the reaction proceeded, the inten-
sity in the diffraction-limited features increased until reaching a magnitude similar to
that of the neat thiol solution. This behaviour was consistent with the proposed phys-
ical autocatalytic mechanism; [12, 14] whereby the formed micelles and vesicles
contain the thiol solution in their interior.
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Fig.7.5 Observation of physical autocatalysis in situ. a Illustration of the assay to achieve direct
and in situ imaging of the reaction between MPC and a microscopic thiol droplet on the coverslip.
b Representative flat-fielded images showing the progress of the reaction from left to right and then
from top to bottom. The large-dark circular area on the top right corner corresponds to the thiol
droplet. ¢ Super-resolution map of the binding sites within the first seven minutes of the reaction. The
colour and size of the plot markers encode the arrival time and signal intensity of binding events,
respectively. d Dependence of the bound surfactant product density, found within the arc-sector
depicted by the greyed-out region of (c¢), on the radial distance away from the droplet interface.
Solid line: fit to a linear function. Scale bars: 1 wm. e Observation of the break down of the thiol
droplet interface and appearance of extended lipid structures. Scale bar: 1 pm. f Flat-fielded and
corresponding background-subtracted image time-series of the marked area in the (e). Scale bars:
500 nm
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Secondly, the liquid/liquid interface was highly dynamic as characterised by
increasing levels of local signal fluctuations (Fig.7.5b). These fluctuations can be
attributed to three main causes: the departure of products from the interface, which
increase in frequency and size with time; the consumption of starting material; and the
topographical re-arrangement of the droplet due to interactions with the substrate.
Further analysis of the dynamics at the interface should allow the extraction and
characterisation of parameters such as the bending rigidity and nanoscopic poten-
tials involved in shaping the reactive pathways of physical autocatalysis; however
they are beyond the scope of this thesis.

Thirdly, the distribution of the binding events exhibited a clear spatial dependence
relative to the position of the droplet interface as evidenced by the super-resolution
image of all binding sites within the first 7 min of the reaction (Fig. 7.5c). To quantify
the dependence without bias, the density of binding aggregates per radial distance
away from the interface was calculated as the number of events within an annular
segment of the arc-sector defined by an angle of 53.3°. Here, the centre of mass and
size of the thiol droplet (4 pm) were estimated by solving a system of equations
relating the lengths of two different chords, under the assumption that the surface
cross-section of the droplet can be modelled as a circle. The resulting distribution
showed a negative correlation between particle density and distance away from the
reaction interface, as expected for a diffusion-limited sensing process (Fig. 7.5d). This
result agreed with the observation of mostly weak signals in the axial liquid/liquid
interface configuration, given that smaller particles posses a much higher diffusion
coefficient and thus are more likely to bind earlier to the substrate compared to larger
surfactant aggregates.

Finally, as the reaction proceeded beyond 10 min, the thiol-water interface almost
entirely broke down and complex extended lipid structures erupting from the interface
were observed (Fig.7.5e). These structures proliferated rapidly on the 10 ms time-
scale, and upon subtraction of the static and slowly varying scattering background,
diffraction-limited sized events with increasing contrast were detected (Fig.7.5f).
Such events can be interpreted as the growth and possible division of individual vesi-
cles from the reactive interface. In this case, such events were captured and imaged
directly due to the presence of additional substrate interactions that confined the
process to within the detection volume, given that this phenomena is likely to occur
throughout the entire droplet interface during the course of the reaction. In the exam-
ple highlighted, it was not possible to determine whether the newly-formed vesicle
remained attached to the original vesicle or if division occurred. Nonetheless, this
and other examples demonstrate that complex dynamics such as the growth and prob-
able division of vesicles can be monitored in situ and label-free with interferometric
scattering microscopy.
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7.3.6 Interfacial Dynamics: Surface Interactions Lead
to Different Mechanistic Pathways of Product
Formation

For larger sized thiol-in-water droplets (radii > 100 pm), we observed a slow
retreat of the thiol/water interface, which is consistent with product formation
(Fig.7.6a,b). Examination of such processes by differential high-speed imaging, at
1000 frames/s, revealed discretised behaviour. Namely, the interface retreats stochas-
tically in nanometre-scale increments as opposed to a continuous process. Further
overlay of the images confirmed that this quantised behaviour overlaps with the inter-
face (Fig.7.6b). The origin and underlying mechanisms governing such behaviour
can be attributed to the formation of supramolecular aggregates on a vesicle-by-
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Fig. 7.6 Surface interactions lead to different mechanistic pathways of product formation.
a Cartoon depicting the geometry of the assay where the thiol-water interface advances relative
to the aqueous solution. b Flat-field corrected, differential and overlayed images of the advance
of the thiol-water interface from left to right. Differential imaging reveals discrete events in the
form of bright diffraction limited spots, while the composite image localises them to the interface.
¢ Schematic illustrating the observation of an additional lamellar phase (grey) between the thiol
(purple) and aqueous (orange) phases. d Zoom-in of the region marked (c) depicting that the lamellar
phase is composed of lipid aggregates. e Corresponding time-series images showing the spread of
such an intermediate phase represented by the highly heterogenous intensity distribution towards
the middle portion of the frames. f Dynamics of the lamellar phase. Left panel: static image of
the lamellar and aqueous phase on a glass substrate. Right panel: same image after background
subtraction reveals high activity for the intermediate phase and none for the aqueous phase. Scale
bars: 1 pum
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vesicle basis directly at the interface. As a corollary, this confirms the ability of
iSCAT to directly visualise product formation at the interface.

The main difference between the type of product formed, in this case vesicles
due to their much larger contrast signal, as opposed to individual micelles can be
explained by the presence of a solid substrate. Here, the solid surface introduces
interactions and differences in local concentration that are absent in a liquid/liquid
interface found in solution, which in turn bias the formation of vesicles (Fig.7.6c,
d). As a more dramatic case, in some occasions, a third highly dynamic phase at
the interface between thiol and water was observed (Fig.7.6e). This third phase,
composed of different refractive index material as evidenced by the reflected intensity
values, actively spread towards the aqueous layer. Furthermore, confined motion of
multiple weakly scattering objects within this third phase, termed as lamellar phase,
resulted in high local heterogeneity in the scattering intensity, which when viewed in
a static picture appeared as roughness (Fig. 7.6f). Given the highly dynamic nature
of the lamellar phase and the fact that the autocatalytic reaction still takes place, we
propose that this phase is composed of a highly concentrated solution of surfactant
aggregates products. These set of observations demonstrate that different mechanistic
pathways exist according to the different spatial regions of the mixture, all of which
can imaged directly and in real time with this interferometric technique.

7.3.7 Complex Phenomena in the Oil Phase

As there are no experimental limitations regarding the choice of imaging medium
for this particular system, we performed measurements within the thiol phase and
observed additional complex phenomena (Fig.7.7a). For instance, at the edge of
the interface, diffraction-limited water-in-oil droplets, likely signatures for reverse
micelles, were visible. Initially these micelles, showed little to no motion. With
time, however, these regions began to fuse into one another to form larger aqueous
phases (Fig.7.7b,c). Furthermore the interface of the larger micron-sized structures
showed large intensity and positional fluctuations, suggesting a relatively low line
tension [15].

Irrespective of the nature of the dynamics, the observation of diffraction-limited
signals suggests the existence of reverse micelles. This makes the study of the reac-
tion kinetics in both phases readily accessible, from which it would be possible to
determine whether common features exist across both phases. Little information
is currently known regarding the observed complex phase behaviour, thus making
future investigations in this field a prime target for the next generation of label-free
iSCAT.
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(a)

Fig. 7.7 Vesicle fusion events in the thiol phase. a Cartoon explaining the complex phenomena
observed in the bulk thiol phase. b Fusion of small water-in-thiol droplets or reverse micelles
captured in an image-time series. Scale bars: 500 nm. ¢ Sequence of images illustrating the fusion
of a small water-in-thiol or reverse micelle with a large water-in-oil droplet. Scale bars: 1 pm

7.4 Conclusion and Outlook

By applying iSCAT to the study of physical autocatalysis we have directly observed
vesicle dynamics on the nanometre scale in situ and demonstrated the feasibility in
performing quantitative kinetic studies with minimal amounts of starting material.
In addition we have identified a diverse range of complex behaviours associated
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with interfacial dynamics and self-assembly at the nanoscale which are relevant to
the origins of life [1, 3, 5]. While full elucidation of these processes is beyond the
scope of this chapter, these phenomena clearly reveal the sheer complexity of these
biphasic autocatalytic reactions and, on a more general level, reflect the relatively
unexplored nature of this field.

Looking forward, as mentioned in the previous chapter, future studies in this
direction will benefit extensively from the integration of tools and concepts from the
fields of plasmonics and microfluidics and transform iSCAT into a useful benchmark
method that complements existing ensemble techniques. It is just a matter of time
and development of the sample area, before the same principles presented in this
chapter are extended to similar systems such as supramolecular polymers, emul-
sions, aqueous biphasic reactions and liquid/liquid interfaces. Finally, this chapter
has demonstrated that all-optical single-molecule approaches, especially those with
label-free capabilities still have a bright future ahead of them, especially in fields
beyond the life sciences.
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Chapter 8 )
Outlook i

In this thesis I have presented the vast potential of iSCAT to study single-molecule
dynamics at its three distinct domains: temporal resolution (Chap.4), localisation
precision (Chap. 5) and sensitivity (Chaps. 6 and 7). Here, the boundaries have been
set by the available camera sensor technology and the design of the sample area, rather
then by the technique itself as has been discussed in Chap.2. As a result, future
developments that push these boundaries will indubitably be intertwined with the
arrival of new technology. Nevertheless, these advancements will only be incremental
unless the underlying practical limitations of the technique are fully understood and
adequately addressed.

In particular, possibly the greatest advantage of iSCAT over most single-molecule
optical approaches, i.e. its label-free imaging ability, is also its largest limitation.
The lack of specificity to differentiate nano-objects beyond the intensity of the
signal and the characteristic dynamic behaviour of the object under study poses a
considerable experimental challenge when dealing with complex multi-component
systems. However, the lack of specificity can be partly alleviated by introducing a
richer parameter-space, for example performing correlative fluorescence imaging,
or by tailoring assays to the concept of differential imaging; for instance by intro-
ducing an off (unbound) and on (bound) state specifically to a target molecule by
surface chemistry. In principle, it is feasible to study any sample with highly hetero-
geneous scattering backgrounds if: the background is time-invariant or varies at a
much slower time-scale, the signal of interest moves in a time scale much faster than
the background and the coherence length of the illumination source is sufficiently
large for the interference term to occur.

Even if the aforementioned points are addressed, the experimental design merits
consideration. From an instrumental perspective, the lack of full control over the
sample stability, spurious reflections, and focus, constitute the main limitations for
any experiment. These limitations effectively translate into non-shot noise limited
measurements and, with it, the loss of decoupling of the temporal, localisation and
sensitivity domains. From a sample perspective, high illumination intensities will
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always pose a problem; especially for confocal beam scanning approaches, where
the incident light is focused to a point on the sample. However upon using the
concepts of recently developed lattice-like sheet microscopy [1] and total internally
reflected illumination, the incident peak intensities can be dramatically reduced while
keeping the average photon flux the same, thus lowering the sample damage without
sacrificing signal to noise ratio. Furthermore all the results presented in this thesis
were obtained with a CW laser as the illumination source, chosen solely on the basis
of its low cost to output power ratio. However, the use of pulsed white-light source
becomes not only attractive from the perspective of reducing unwanted interference
with spurious reflections and allowing the system to relax (e.g. heat dissipation for
AuNPs), but it also hails the opportunity to explore an additional parameter-space:
the spectral domain.

At the moment, we can but glimpse at the many possibilities that lie ahead, pri-
marily because the vast majority of single-molecule investigations and developments
have been confined to a particular field. As I have shown in this thesis, specifically in
Chap. 7, iISCAT microscopy is not bound to a single field (life sciences) but has many
potential applications from fields as diverse as organic chemistry, nano-plasmonics,
and condensed matter physics. As a result of the interaction with other disciplines,
iSCAT will develop synergistically with them and exploit concepts common to those
fields, for instance: microfluidics, plasmonics, surface patterning and surface chem-
istry, to mention a few. All in all, although iSCAT has developed to a stage where
technology and the type of sample act as the current barrier, it is without doubt that
widespread adoption of the technique as a powerful single-molecule tool will soon
inspire a new generation of exciting developments and applications.
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