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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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