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Abstract

Mass photometry (MP) based on interferometric scattering microscopy (iSCAT)

is a novel, label-free imaging and quantification approach, which allows for

the accurate mass measurement of biomolecules as well as the quantification

of protein-protein interactions in solution. In this work, we show that this

approach is equally applicable to DNA and DNA-protein interactions.

After illustrating iSCAT’s ability to visualise the crystallisation events of

non-biological systems, including alkali-metal halides and metal-organic frame-

works, we switch to demonstrating the capability of MP to directly measure

relative concentrations by molecular counting in complex DNA mixtures. Using

a dsDNA ladder, we find a linear relationship between the number of bases per

molecule and the associated imaging contrast for up to 1200 bp, enabling us to

quantify dsDNA length with up to 2 bp accuracy.

We then present an experimental assay to measure the key interactions

responsible for the cohesin assembly, its interactions with DNA, and their

modulations by ATPase cycle, providing new insights into studying complex

biomolecular assemblies and interactions with the multimeric nature.

Lastly, we introduce surface passivation to control the binding density of

biomolecules to cope with increasing measurement complexity, introducing a

path to detect low-abundance biomolecules of interest without a pre-purification

step, also with the potential to measure low-affinity interactions.

These results together highlight mass photometry as a label-free, rapid,

and accurate single molecule method complementary to existing techniques for

characterising and quantifying DNA and DNA-protein interactions.
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Chapter 1

Introduction

Single molecule methods play an ever more important role in nucleic acid

science. From an optical perspective, these have exclusively been associated with


uorescence-based methods due to the superior background rejection capability

of 
uorescence microscopy.1,2 Despite the associated strengths, however, such an

approach requires 
uorescence labelling, and makes quantitative measurements

fairly labour intensive as one needs to account for photophysical properties of

the 
uorophores.

Light scattering on the other hand is an intrinsic property of matter and

exhibits a linear scaling with the mass of material when detected in an in-

terferometric fashion. It has been recently demonstrated that ultrasensitive

interferometric scattering detection cannot only be used to detect and count

individual proteins in solution, but that the associated signal scales linearly

with the molecular mass of the detected object, giving rise to a third way

of measuring mass, which is called mass photometry (MP).3 Moreover, mass

photometry's ability to count individual molecules can be used to quantify the

relative abundances of di�erent biomolecular complexes in solution, provid-

ing the mean to quantitatively measure the associated binding a�nities and

interaction kinetics of complex formation.4,5

Despite the wide applicability of MP to study proteins, protein-lipid com-
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plexes, and glycoproteins,3 its suitability to study DNA and DNA-protein

complexes remains to be tested. The work presented in this thesis builds

on the capabilities of an interferometric scattering (iSCAT) microscope to

visualise the assemblies of non-biological systems, and expands MP to DNA

as well as DNA-protein interactions in solution. This work explores further

improvements on the methodology itself by employing surface passivation to

obtain mass photometry measurements with controlled binding and unbinding

of biomolecules. To achieve these goals, this work covers from inorganic com-

pounds to biomolecules, and the use of iSCAT and MP to answer fundamental

questions about their inner workings.

chapter 2 details the theoretical background of scattering microscopy, with

a focus on the advantages over 
uorescence microscopy. This chapter contin-

ues to discuss the advantages of iSCAT over dark-�eld and recent technical

improvements based on contrast enhancement via numerical aperture �ltering.

Grounded in the introduction of how an iSCAT microscope can be used for

a mass photometry experiment, we include a brief summary of recent MP

applications in characterising assemblies and molecular interactions of a variety

of biomolecules.

chapter 3 details the construction of a customised interferometric scattering

(iSCAT) microscope and the characterisation of its performance by studying

gold nanoparticles, and GroEL proteins as small scattering signals. By observing

the crystallisation events of alkali-metal halides and metal-organic frameworks,

the capabilities of the iSCAT microscope to detect small movements have been

shown, demonstrating the potential of this technique to investigate the kinetics

of non-biological systems beyond biomolecules.

chapter 4 demonstrates the label-free, all-optical detection of ssDNA and

dsDNA using mass photometry. By using a prototype mass photometer,

2



we show that mass photometry provides direct information on absolute and

relative concentration by molecular counting, as well as demonstrate its ability

to determine the number of basepairs/nucleotides of dsDNA/ssDNA with few

basepair/nucleotide accuracy. Investigating contrast variations of two DNA

origamis of the same mass helps to evaluate MP contrast sensitivity to the

structure of biomolecules.

chapter 5 sets an example of how MP can be used to study biomolecular

assemblies as well as DNA-protein interactions. Loop extrusion by cohesin has

emerged as a critical pathway for how chromosomes are shaped. Quantifying

the key interactions responsible for cohesin assembly, DNA binding, and their

modulation by ATP binding and ATPase cycle provides new insight into the

mechanism for loop extrusion by cohesin.

chapter 6 explores the use of surface passivation for mass photometry

to control the binding and unbinding of biomolecules to a surface. Mass

photometry and total internal 
uorescence microscopy (TIRFM) are used to

explore di�erent conjugation strategies, including PEG-NTA, PEG-biotin, PEG-

biotin-Streptavidin- BT tris-NTA, demonstrating the potential and shortcoming

of adopting surface passivation to MP.

Finally, chapter 7 provides a short summary of the contents discussed in

this thesis and concludes with an outlook.
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Chapter 2

Theoretical Background

2.1 Introduction

The ability to detect single molecules of DNA and proteins has revolutionised

the understanding of how DNA interacts with proteins in fundamental biomolec-

ular processes.6{9 While bulk studies provide insight into many biomolecular

properties, certain characteristics and processes cannot be uncovered by char-

acterising an average biomolecule behaving in a generic manner. In contrast to

traditional averaging bulk measurements, single molecule techniques have the

advantages of revealing heterogeneous behaviors as well as enabling studies of

dynamics in real time. Single molecule methods are particularly important for

understanding the biological processes which are carried out by one or a few

proteins, such as DNA replication, transcription and recombination.

There are a range of approaches for studying DNA as well as DNA-protein

interactions at the single molecule level, such as mass spectrometry, atomic

force microscopy and optical tweezers.10{12 From an optical perspective, a large

and growing body of these methods are mostly connected with 
uorescence-

based methods, because of its high sensitivity. However, one major drawback

of this kind of approach is the requirement for 
uorescence labelling, which

makes quantitative measurements labour intensive due to photo-bleaching

and photo-blinking. Such measurements require independent tests of the
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2.2. Fluorescence Microscopy

stability, functionality of the labelled biomolecules.13,14 Therefore, label-free

detection and quanti�cation would be highly desirable to minimise experimental

complexity and potential perturbations.

Label-free detection of single proteins based on interferometric scattering

microscopy has been �rst reported in 201415,16 in the context of increasing sen-

sitivity. 17,18 Further improvements to the detection methodology of iSCAT,19

recently lead to the development of mass photometry (MP), originally in-

troduced as interferometric scattering mass spectrometry (iSCAMS),3 which

enables not only label-free detection and imaging of single molecules, but

critically their quanti�cation through mass measurement with high levels of

accuracy, precision and resolution. Another important feature of MP is the

capability to measure the distributions of biomolecules in bulk solution, from

which one can extract binding a�nities, kinetics and stoichiometries.4 These

advantages together vote MP in principle a powerful tool to study single DNA

molecules and their interactions with proteins.

In this chapter, we present a brief introduction on 
uorescence microscopy

as the tool for studying biological samples. We then focus on the theoretical

background of mass photometry based on interferometric scattering microscopy,

with an overview of recent MP applications in biological studies.

2.2 Fluorescence Microscopy

Fluorescence is a form of luminescence that is caused by the emission of an

electromagnetic radiation.20 The absorption of a photon excites a molecule

from its ground state to a higher energy (high frequency, low stability) state,

followed by the emission of the radiation.21 Di�erent 
uorescence detection

techniques, such as 
uorescence spectroscopy, 
uorescence intensity, 
orescence

depolarisation, 
uorescence resonance energy transfer and 
uorescence corre-

6



2.2. Fluorescence Microscopy

lation spectroscopy, are based on this fundamental principle and its relevant

modi�cations.

In traditional epi
uorescence microscopy, illumination light is focused

through the objective, exciting 
uorescent molecules in the sample22{25 (Figure

2.1A). The photons emitted as a result of this process are collected by the same

objective and focused onto a camera for detection. This exposes the sample to

both excessive and out-of-focus light, increasing the e�ective light dose to the

imaged sample. Light itself and the radicals released during the 
uorescence

process are toxic to cells and contribute to sample degradation. Moreover,


uorescence outside the focal plane adds to image noise, reducing total signal

to noise and spatial resolution.

Total internal re
ection 
uorescence (TIRF) microscopy improves both

total signal-to-noise ratio (SNR) and spatial resolution through di�erences in

the way illumination occurs (Figure 2.1C).26 When light traveling through a

medium hits another medium with a di�erent refractive index, some of the

light will be re
ected and some will be refracted. The relative proportions

depend on the di�erences in, amongst other things, the incident angle. If the

light is traveling from a relatively high refractive index into a lower refractive

index (n1 > n 2), there will be a critical angle� c beyond which all the light is

re
ected. When light hits an interface beyond this critical angle (� 1 > � c), it

is completely re
ected, which is called Total Internal Re
ection (TIR). The

excitation laser in TIRF microscopy is presented beyond this critical angle such

that it completely re
ects o� the glass slide.27 As a result, all light is re
ected,

and no light penetrates into the sample.

However, within the area where light is re
ected, an evanescent wave forms

on the other side of the slide, resulting in very shallow illumination of the

sample (Figure 2.1B). Because the evanescent wave oscillates with the same

7



2.2. Fluorescence Microscopy

frequency of the re
ected light, it still excites any 
uorescent molecules within

this small area. The area of the evanescent wave is de�ned by the optics used,

although normally a � 100 nm optical section is created at the surface.

Figure 2.1: (A ), (B ) Di�erence in illumination from a propagating wave and
an evanescent wave. Propagating waves, such as those generated from standard
epi
uorescence illumination, propagate in a linear manner through the sample and
can excite 
uorophores > 1 mm in depth. TIRF generates evanescent waves that
decay exponentially and only penetrate to� 100 nm. (C) Principle of total internal
re
ection.

The advantage of TIRF for single-molecule 
uorescence is that no out-of-

focus light is collected, leaving only the 
uorescence emission from the volume

of the evanescent wave. The SNR is thereby signi�cantly enhanced. TIRF

is thus particularly bene�cial for studying areas of the sample that are close

to the surface, such as molecules immobilised on a coverslip or on the cell

membrane. In single-molecule 
uorescence microscopy, TIRF is one of the most

commonly used imaging techniques for applications such as investigating DNA

replication, transcription, and DNA damage repair.28{30
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2.2. Fluorescence Microscopy

TIRF has been used in combination with Fluorescence Resonance Energy

Transfer (FRET) for imaging between 
uorophores as they interact.31 Proposed

by Theodor F•orster in 1960 and con�rmed experimentally by Stryer and Haug-

land in 1967, FRET takes advantage of the principle of non-radiative energy

transfer between a donor and acceptor molecule to determine the proximity of

the two molecules.32,33 FRET produces information about 
uorophore proxim-

ity in the order of 2 - 10nm resolution.34 This can happen between di�erent

molecules within a complex, or between di�erent domains of single molecules.

It is often perceived as the shift in relative 
uorescence of, or between, the

donor and the acceptor. As such, it is highly susceptible to noise and bene�ts

substantially from TIRF's improved SNR. This is particularly essential in low

light FRET applications like single-molecule FRET (smFRET). smFRET is

an excellent tool for studying the the structure and dynamics of proteins and

nucleic acids as well as their interactions. Recent publications in these areas

include visualising conformational changes in proteins such as enzymes during

their catalytic cycle35 and monitoring DNA synthesis in real-time.36

Despite all the advantages of 
uorescence microscopy, the main limitations

are associated with the photophysics and photochemistry of 
uorescent labels.37

The number of emitted photons per second is limited by the limited frequency

in a 
uorophore's excitation-emission cycle, which is de�ned by the �nite

lifetime of the excited state. Non-radiative relaxation pathways of a given

excited 
uorophore reduce the quantum yield, further limiting the number of

detectable photons per unit time. Furthermore, the requirement to label the

system adds additional experimental challenges, such as toxicity of labelling

conditions38 or disruption of biological mechanisms by probe insertion.39 In

recent years, as alternatives, various single molecule imaging techniques based

on light scattering have been introduced to study biomolecules, which resolve

9



2.3. Scattering Microscopy

some of the di�culties found in 
uorescence microscopy.

2.3 Scattering Microscopy

Unlike 
uorescence microscopy, whose fundamental limit is based on the number

of photons detected per second, light scattering is theoretically only limited by

the incident light intensity, because the number of scattered photons simply

scales with the number of incident photons.40 Yet in practice, scattering-based

detection has a major disadvantage of higher background over 
uorescence, as

any refractive index inhomogeneity scatters light. Therefore, it is crucial to

�nd a strategy to remove any unwanted background to achieve single-molecule

sensitivity.

Many single-moleculein vitro experiments operate near a glass-water in-

terface.41 If the microscope is designed to measure in re
ection, 0.4 % of the

incident illumination is re
ected when light is directed to the interface. The

light that is not re
ected will then be scattered by any object at the interface

with a di�erent refractive index to the aqueous solution.

In general, the intensity measured at the detector,I det, depends on any

reference background light,Er , the scatterd electric �eld, Es, as well as their

relative phase di�erence,' , in the following way:

I det = jEr + Esj
2 = jEr j

2 + jEsj
2 � 2jEr jjEsjsin'

As shown above, there are three terms that contributes to the detected inten-

sity: (i) the combined reference and background signaljEr j
2, (ii) the scattering

signal jEsj
2, and (iii) the interference term 2jEr jjEsjsin' . This relationship

suggests two principle ways to optimise the detection of the scattering signals:

(i) removal of background to reduceEr , leaving only the pure scattering term

jEsj
2, or (ii) taking advantage of a well-de�ned reference �eld to controlEr

10



2.3. Scattering Microscopy

and use the interference term, 2jEr jjEsjsin' , as the signal of interest. These

two methods are classi�ed as dark-�eld42 and interference microscopy.17,43

2.3.1 Dark-Field Microscopy

Minimising background is usually achieved by using dark-�eld microscopy,

where the incident light is separated from the light scattered by the sample.

One of the most successful approaches takes advantage of total internal re
ection

(TIR) at a refractive index gradient either using prism-TIR or objective-TIR

(Figure 2.2).44 A prism is used in the former so that the incident laser light is

directed to the sample at a critical angle to be entirely re
ected at the water-

glass interface. Perforated mirrors and micro-mirrors are used for directing the

illumination beam to the objective for the latter, leaving space for the scattering

image to be picked o� and directed into the imaging path while excluding the

illumination light. 45 As a result, an exponentially decaying evanescent �eld is

generated within the sample region with a depth of a few hundred nanometres.26

A microscope objective collects scattered light from the particles within this

evanescence �eld region, which is then imaged onto a camera. Particles in

dark-�eld microscopy appear as bright spots on a dark background.

With su�cient elimination of all background, the detected intensity should

be reduced to:

I det = jEsj
2 = jE i j

2jsj2

where E i is the electric �eld of the incident light and s is the complex

scattering amplitude.

Given that the scattering intensity scales with the intensity of the incident

light, one should be able to increase signals in dark-�eld microscopy by higher

incident light intensities. Lasers are useful as they provide much higher photon

11



2.3. Scattering Microscopy

Figure 2.2: Prism- and objective-type TIRF. ( A ) In prism-type TIRF microscopy,
the evanescent �eld is created on the opposite side of the sample from the objective
lens that collects the 
uorescence. The incident angle may have any value between
the critical angle � c and � /2. ( B ) With objective-type TIRF microscopy, 
uorescence
is collected from the sample on the same side as the excitation light is delivered. The
range of incident angles is limited, as described by the numerical aperture of the
objective, to angles between� c and � . A collimated excitation beam is achieved by
focusing it o�-axis in the back focal plane. Adapted from Martin-Fernandez et al.
2013.44


uxes than traditional incoherent light sources.

Using general Mie theory,46 the scattering amplitude,s, can be written as:

s(� ) / � (� ) = "m (� )�
D 3

2
"p(� ) � "m (� )
"p(� ) + 2 "m (� )

where"p and "m are the complex dielectric constants of the particle and

the medium, D is the particle diameter, � is the wavelength of illumination

and � is the polarisability of the particle. In the small particle limit, the

scattering amplitudes of a spherical particle (diamater< 1.6� ) scales with the

polarisability of the particle, � .47 Combining both equations, as the intensity of

detected scattered signal,I det, depends on the square modulus of the scattering

amplitude, s, the signal thus scales withD 6. This means that the scattering

cross section of the particle decreases rapidly with its size, thereby making it

di�cult to distinguish from the background. In other words, a particle with a

2-fold diameter reduction will result in a 64-fold decrease in the purely scattered

12



2.3. Scattering Microscopy

signal.

To maximise the scattering signal, gold nanoparticles (AuNPs) are par-

ticularly useful, because they exhibit a strong plasmon resonance in water

centred around 530 nm for spherical particles ranging from 10 to 100 nm.48,49

This resonance occurs whenj"p(� ) + 2 "m (� )j is minimised, which results in an

enhanced polarisability and thus larger scattering amplitudes and cross sections.

As a matter of fact, a 40 nm AuNP illuminated at 532 nm scatters in water with

nearly the same cross section as a 160 nm silica bead, enabling the use of much

smaller labels with the same scattered photon 
ux. Nanometer-precise tracking

on the microsecond time scale has become commonplace with improvements in

microscope design, reaching 1.3 nm localisation precision at 55µs temporal

resolution using 40 nm AuNPs.50 A recent development using micromirrors

demonstrates high SNR detection of 20 nm AuNPs, which is only limited by

the scattering background caused by surface roughness, enabling SNRs on the

order of 50.45 However, even if the majority of background light intensity is

suppressed, scattering detection still su�ers from background scattering due to

sample defects.

2.3.2 Interferometic Scattering Microscopy

When compared to most 
uorescent dyes (< 1 nm), 
uorescent proteins (�

4 nm), or quantum dots (� 10 nm),51 a 20 nm gold particle is still a large

label. To minimise the e�ect of the labels on the structure and the function

of biomolecules, it is desirable to use smaller labels or image entirely label-

free to, for instance, reduce label-induced perturbations. As discussed earlier,

the strong scaling of the scattering signal with size makes it technically very

di�cult to achieve equivalent results with smaller nanoparticles. By contrast,

interferometric scattering microscopy (iSCAT) helps to reduce the size-scaling
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2.3. Scattering Microscopy

problem and allow for high signal-to-noise ratio and non-resonant imaging of

smaller-sized gold nanoparticles, and even direct detection of native, unlabelled

biomolecules.3,18,52

Instead of avoiding all background illumination, one can introduce re
ected

light in a way that the pure scattering term jEsj
2 is negligible for small

scatters. As a result, the main signal now comes from the interference between

background and scattered light, with the contrast determined by the ratio of

the total detected light, I det, and the background reference light,I br :

Contrast =
I det

I br
=

jr j2 � 2jr jjsjsin'
jr j2

= 1 �
2jsjsin'

jr j

where jr j2 is the re
ectivity of the interface which provides the reference

light, and ' is the phase di�erence between the scattered and re
ected light.

Interference re
ection microscopy (IRM) developed by Curtis in 1964,53

and re
ection interference contrast microscopy (RICM) developed by Ploem

in 197554 �rst realised this principle. These techniques were originally used

to study cell adhesion,55 reconstruction of inter-facial topology,56 and phase

separation in lipid bilayers.57 While these studies did not achieve the SNR at

the level for nanoparticle detection, laser illumination enabled much higher

power densities. In 2009, the �rst laser-based setup, termed interferometric

scattering (iSCAT) microscope, was proved to be able to take non-
uorescence

images of single quantum dots43 and track a virus particle di�using on a lipid

bilayer.17

Figure 2.3A shows the fundamental experimental design of an iSCAT

microscope.40 To avoid non-uniform background in iSCAT images due to the

emergence of laser speckle, a small laser beam is scanned across the sample

instead of illuminating the entire sample by a focused laser beam. Scanned

illumination from a collimated laser beam from a diode laser is achieved by
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Figure 2.3: (A ) Experimental setup: The Acousto-optic de
ectors (AOD) scan the
laser beam. The telescope (L1 +L2) images the plane of the AODs into the back
focal plane of the objective (OBJ) and the laser beam is scanned across the sample.
The quarter wave plate (QWP) and polarising beam splitter (PBS) separate the
imaging and illumination channel. (B ) Raw re
ection image of a microscope cover
glass covered by water upon illumination with a 445 nm laser using a combination of
a polarizing beam splitter and quarter wave plate to separate incident from re
ected
and scattered light. (C) The same image as inB after division by a median image
produced while laterally translating the sample. Scale bars: 1µm. B and C are
adapted from Coleet al., 2017.19
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using a set of acousto-optic de
ectors (AODs) and a telescope (L1 + L2).19

The AODs de
ect the beam through both� and � at two o�set frequencies (e.g.

79 and 83 kHz) to create a mesh-like pattern. The plane of the AODs is then

brought into focus by the telescope on the back focal plane of the objective

(OBJ) so that each� and � correspond to an x and y coordinate in the plane

of the coverslip, which is perpendicualr to the optical axis. A polarising beam

splitter (PBS) is used to separate the detection and illumination beam paths.

The PBS sends linearly P-polarised illumination through a quarter waveplate

(QWP) into the objective. The QWP circularly polarises the light when it

enters and leaves the objective, 45� at one time. Therefore, the light coming

back from the objective is transformed to linear S-polarisation, re
ected by the

PBS and then detected by the camera.

On an iSCAT setup, the reference �eldjEr j dominates the image captured

by the camera (Figure 2.3B). The re
ection from the glass-water interface,

however, is sample-independent. By 
at-�elding the image, one can reveal

the smaller sample-dependent scattered signals.58 This is accomplished by

acquiring a stack of N frames during which the sample is translated, and then

dividing each consecutive frame by the invariant median of the acquired stack.

This eliminates all static features, leaving a 
at-�eld image dominated by the

scattering signal from the glass surface roughness (Figure 2.3C). Through the

static background subtraction, any changing signals smaller than the glass

roughness can be observed from this 
at-�eld image.

The SNR achievable for an ideal iSCAT experiment is only limited by shot

noise, which describes the 
uctuations of the number of photons detected

due to their occurrence independent of each other. The shot-noise-induced

background 
uctuation as a percentage of the detected signal for a shot-noise-

limited experiment is given by
p

N=N, where N is the number of detected
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photoelectrons per pixel. Therefore, the SNR for a shot-noise limited iSCAT

experiment scales with the square root ofN :

SNR =
iSCAT signal

background 
uctuations
= contrast

p
N

More photons can be collected per pixel for a given exposure time and

camera well depth by using higher magni�cations than are required for the

appropriate sampling of a di�raction-limited point spread function (PSF) and

then spatially binning pixels together. Frames can be averaged together at the

loss of time resolution in a similar way. This raises the SNR to the point where

the background glass roughness starts to be averaged into the image by other

noise sources such as mechanical drifts. On the other hand, both the biological

systems' ability to tolerate high illumination intensities and the camera sensor's

full well capacity limit the applied laser intensity. Cameras with high full

well capacity can capture higher photon 
uxes. However, this method has

drawbacks, as most cameras with high full well capacities are expensive and

have low quantum e�ciencies, making them ine�cient at collecting incident

light. 19

2.3.3 Contrast Enhanced iSCAT via Numerical Aper-
ture Filtering

An alternative way to using a high full well camera would be to increase the

contrast of a molecule while capturing the same number of photons, so as not

to saturate the detector. As suggested in the previous contrast determination,

reducing the re
ectivity of the glass-water interface,r, while maintaining the

scattering amplitude, s, will therefore result in an increase in contrast. Partial

attenuation of the reference �eld by numerical aperture �ltering helps in this

case.19
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Taking advantage of the fact that most signals from small scatterers close

to the glass-water interface are collected at high numerical apertures by the

objective,59 enables reduction of the re
ected illumination beam (Figure 2.4).

As demonstrated in the previous studies59,60, a point source near a refractive

index interface radiates the majority of photons into the higher index material

in directions associated with a high numerical aperture of the collecting lens

(Figure 2.4A). Meanwhile in optical microscope, wide-�eld illumination is

usually achieved by focusing an incident beam into the back focal plane of

the imaging objective, which only requires a very low NA. By coupling the

illumination light into the low NA of the objective, the reference re
ection from

the interface will also be localised in the low NA. Then, if one places a partially

re
ective mirror in the BFP of the objective (Figure 2.4B), it will attenuate

the low NA contributions to the image, and thus attenuate the reference �eld

over the scattered �eld. By adjusting the thickness of the metallic layer on

the partially re
ective mirror, the degree of attenuation can be tuned to the

incident light intensity and camera properties. The reduction in scattered light

detection caused by this experimental arrangement, however, amounts to only

11.3 % when using an oil immersion objective with an 8.52 mm diameter back

aperture in combination with a 3.5 mm diameter partially re
ective mirror

(Figure 2.4C)61.
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Figure 2.4: Concept and experimental realisation of numerical aperture-�ltered
interferometric scattering microscopy (iSCAT). ( A ) Emission pattern of a nanoscopic
scatterer at a glasswater interface emerging from the back aperture of a high-
numerical-aperture (1.42) microscope objective for circularly polarised illumination.59

The semi-transparent circle indicates the region occupied by a partial re
ector shown
in the experimental setup in B. (B ) Schematic of a numerical aperture-�ltered
iSCAT microscope. A single-mode �ber-coupled diode laser is loosely focused with a
wide-�eld lens (WFL) into the back focal plane (BFP) of an oil immersion objective
(OBJ). The partial re
ector (PR) couples illumination light in and out of the inverted
microscope and attenuates the re
ected light before being imaged onto the camera
(CMOS) by another lens (L). (C) Emission density as a function of numerical
aperture, with the gray area indicating the region attenuated by the partial re
ector.
Adapted from Cole et al., 2017.19

In this manner, the contrast of scattering objects will be selectively enhanced

at the expense of the total number of detected photons. In particular, if a

partially re
ective mirror reduces the reference lightjEr j
2 by 100-fold, the

re
ectivity term jr j will be reduced by 10-fold. Therefore, the contrast will
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exhibit a 10-fold increase, as shown in Figure 2.5 as compared to Figure 2.3.

Note that to generate comparable images, 100-fold longer exposure time is

used for Figure 2.5 compared to Figure 2.3, while Figure 2.3 represents the

average of 100 consecutive images. In this way, the total number of incident

and detected photons is identical for Figure 2.5 and Figure 2.3.

Figure 2.5: E�ect of a partial re
ector on iSCAT contrast. Equivalent iSCAT
images to Figure 2.3 B and C with numerical aperture �ltering using a 1% transmissive
partial re
ector. To generate equivalent images, 100-fold longer exposure time was
used. (A ) A Raw iSCAT re
ection image of microscope cover glass covered by
water. The contrast of glass roughness is noticeably enhanced as compared to Figure
2.3B and C. (B ) The same image after division by a median image produced while
laterally translating the sample. Scale bars: 1µm. Adapted from Cole et al., 2017.19

Importantly, the method, by itself, does not improve the SNR because the

number of detected photons on the camera decreases. For a 100-fold decrease

in incident light on a camera, the shot-noise-induced background 
uctuation

with the same exposure time and incident light intensity increases by 10, which

matches the increase in contrast. However, this allows one to increase the

illumination intensity accordingly. The main bene�t of this approach is that

by using the correct combination of illumination intensity and transmissivity
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of the partial re
ector, the higher illumination intensity increases the absolute

sensitivity of the microscope. Moreover, the camera no longer requires a high

full well capability and photons can be captured in a more e�cient way.

2.4 Mass Photometry

2.4.1 Protein Mass Determination

The application of NA �ltering, together with improvements in the hardware

and data analysis, has resulted in signi�cant advancements in the detection

sensitivity, precision, and mass resolution of label-free single-molecule mass

measurements (Figure 2.6).3 As the scattered signal scales withD 3, or namely

the volume of the molecule, for particles of di�erent mass but comparable

refractive index, their contrasts scale linearly with their mass.3,16 This principle

can be used to generate mass distributions of proteins in solution since the

speci�c volumes of amino acid sequences and their refractive indices vary only

by 1%. For example, the contrast distributions from a sample of bovine serum

albumin (BSA) molecules (66 kDa) show well-resolved (19 kDa full width at half-

maximum (FWHM)), equally spaced peaks as expected for di�erent oligomeric

states of the same protein (Figure 2.6A). In addition, mass measurement

of a wide range of proteins has shown a sequence mass accuracy up to 2%

(Figure 2.6B). This high level of accuracy greatly simpli�es the identi�cation

of unlabeled species by mass, allowing for more highly multiplexed detection

than 
uorescence-based methods which require labelling.

2.4.2 Recent Applications

The ability to separate di�erent oligomeric states based on high measurement

precision, in combination with its label-free detection, single-molecule sensitivity,

mass measurement, solution operation, has resulted in signi�cant adoption
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Figure 2.6: Mass photometry principle and accuracy. (A ) Scatter plot of single-
molecule binding events and their scattering contrasts for 12 nM BSA from 14 movies
(lower panel). Corresponding histogram (n = 12,209) with a zoomed-in view of
the region for larger species (upper panel). The reduction in landing rate results
from a drop in BSA concentration with time owing to the large surface-to-volume
ratio of our sample cell. (B ) Contrast versus molecular mass, including for proteins
used for mass calibration (black), characterization of shape dependence (yellow),
protein-ligand binding (green), lipid nanodisc composition (red), and glycosylation
(blue). Mass error (upper panel) is given as a percentage of the sequence mass
relative to the given linear �t. Reproduced from Young et al. 2018.3
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of MP since its emergence. This includes applications to membrane proteins,

membrane-associated proteins, microtubules, protein kinases, proteasomes and

viral capsids.62{67 Furthermore, Foley et al. has introduced dynamic MP in a

recent study as a tool for label-free tracking and mass measurement of individual

membrane-associated proteins di�using on a supported lipid bilayer.68

Moreover, because of the speed, sensitivity, and relative simplicity of a

typical MP experiment, MP is well-suited to sample characterisation for more

structure-speci�c analytical techniques, such as cryo-electron microscopy (cryo-

EM) and X-ray crystallography.69 Sonn-Segevet al. has demonstrated this in

a recent study by quantifying the heterogeneity of macromolecular complexes.

The results obtained are comparable to those gathered from corresponding

negative stain EM work
ows.

Additionally, MP's ability to count individual molecules can be used to

precisely measure the relative abundances of di�erent biomolecular complexes

in solution, providing information on the associated binding a�nities and

interaction kinetics.4,5 In Soltermann et al.'s work, their MP measurements

determined the binding a�nities over four orders of magnitude at equilibrium

for both simple and complex stoichiometries within minutes, as well as the

associated kinetics. MP has also been used to quantify binding a�nities in

FOXP2 oligomerisation and its DNA binding, and for qualitative assessment

of a�nities between casposase and DNA.70,71

Taken together, the wide applicability to di�erent biological systems has

demonstrated MP's potential to become a universal tool for studying biomolec-

ular assemblies, interactions and dynamics in a rapid, label-free, single-molecule

fashion.
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Chapter 3

Visualising Nucleation by
Interferometric Scattering
Microscopy

3.1 Introduction

Crystallisation and Nucleation

Crystallisation, as a phase transition, has wide applications in science, such

as facilitating puri�cation and separation, and establishing its structure and

properties as an ordered solid. The complex process involves two key steps:

nucleation followed by crystal growth. Among these two steps, nucleation is

less well understood due to its stochastic nature.

Classical nucleation theory developed by Gibbs, Volmer, Becker and Doring

assumes that molecules form small clusters in equilibrium by successive bi-

molecular additions.72 If a cluster reaches a critical size set by the level of

supersaturation, it will not redissolve but continue to grow, which becomes

a nucleation point. While classical nucleation theory provides a successful

description in many systems, studies on the crystallisation of proteins and

colloids have shown results beyond the classical view. The later developed

two-step nucleation mechanism proposed by Ten Wolde and Frenkel,73 suggests

that the two order parameters of density and structure develop sequentially
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instead of simultaneously. A meta-stable intermediate phase (MIP) forms �rst

from the supersaturated solution, followed by nucleation taking place inside

the MIP. Yet this theory still requires a critical size for a crystal to grow, and

involves no assumptions on its shape and structure.

Non-Photochemical Laser-Induced Nucleation

It is well-known that nucleation of a metastable sample can be induced by

physical perturbations, such as mechanical shock, rapid cooling, and seeding.74

Employing the action of light is, on the other hand, an intriguing method

to study nucleation. In 1869, photochemically induced nucleation was �rst

described, where the incident light had su�cient energy to cause ionisation or

to create radicals that subsequently reacted to produce nucleation centres.75

Almost two decades ago, non-photochemical laser induced nucleation (NPLIN)

was discovered accidentally by Garetzet al., when studying the nonlinear optical

properties of supersaturated aqueous solutions of urea.76 It was reported that

nanosecond pulses of near-infrared light (1064 nm) could drastically reduce

the induction time of urea crystals. The wavelength and the power of the

light were not su�cient to induce photoionisation. Preferential formation of

crystals along the axis of the electric �eld of the incident light was observed by

examining alignments of the crystalline structures and the polarisation of the

incoming laser beam.

Since its emergence, several reports have demonstrated NPLIN on other

chemical compounds as diverse as glycine, L-histidine, hen egg white protein

and sulfathiazole in di�erent solvents including water, ethanol and agarose

gel.77{80 More recently, NPLIN has been demonstrated to work with potassium

halides whose ions in solution are centrosymmetric.81 Alexander and co-workers

have studied NPLIN of a number of metastable systems,82,83 in particular
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the benchmark system of aqueous potassium chloride (KCl).81,84 The studies

demonstrated that samples of KCl with supersaturation (S = C/Csat) in

the range 1.05 - 1.10 can be nucleated by a single pulse from a nanosecond

laser. Despite the recent observations in NPLIN occurring in di�erent systems,

the details of its mechanism remain unrevealed. Methods looking into single

crystals which enable real-time characterisation of crystal size, shape, growth

and polydispersity are highly desirable.

Metal-Organic Frameworks

To study the formation of extended materials in general, the metal-organic

framework (MOF) is thought of as an ideal model system. MOFs are of

increasing industrial interests for gas storage, separation, catalysis etc., owing to

their modular, porous structure based on metal nodes and organic linkers.85,86

Better understanding in MOF nucleation and crystal growth will lead to

improvements in synthesis e�ciency and potential to design new materials.

However, despite the increasing attention, the underlying mechanism of its

formation remains poorly understood.

Figure 3.1: The structures of ZIF-8 and ZIF-L. ( A ) The structure of ZIF-8.
(B )The structure of ZIF-L viewed along y with an isosurface showing the location
and approximate shape of the cavity (yellow). This isosurface was calculated using
the program Jmol (Jmol: an open-source Java viewer for chemical structures in 3D.
http://www.jmol.org/). Adapted from Chen et al., 2013.87
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Literature on the prototypical Zinc 2-Methylimidazolate (mim) system has

shown that its formation is solvent-dependent. In methanol, ZIF-8 (Zn(mim)2)

(Figure 3.1A) rapidly forms as pseudo-isotropic nanoparticles of 40{100 nm in

diameter.88,89 While in water, at low mim:Zn ratios, a related phase, ZIF-L

(Zn(mim) 2 (Hmim) 1=2 (H2O)3=2) (Figure 3.1B) forms as 
at, lenticular micron-

sized particles.87

Among these two formations, ZIF-8 synthesis (in methanol) is thought to

proceed via a dynamic equilibrium in solution of molecular clusters of the size

of 1 nm.90 However, the assembly mechanism of such clusters is still unknown.

Further information about the aggregation of particles, and the growth of thin

�lms on surface, would substantial.

Visualising Crystallisation by iSCAT and MP

As explained in Section 2.3, iSCAT has been shown to be sensitive enough

to detect single protein molecules,18 and since any object with a di�erent

refractive index to that of its environment will scatter light, iSCAT should

enable observations of detailed crystal nucleation and growth on a single crystal

level. In this chapter, we use a home-built iSCAT and a commercialised mass

photometer to analyse the nucleation and crystallisation events of two di�erent

inorganic systems, from NPLIN of KCl solution to crystallisation of (ZIF)-8

and (ZIF)-L. The advantages of studying these two particular systems are (i)

one has better temporal and spatial control over the nucleation conditions, (ii)

the systems themselves are potentially more theoretically tractable, (iii) there

is no photochemical damage to the systems. These advantages enable direct

implementation of iSCAT and MP, helping us to provide insights into a new

direction of applications of iSCAT and MP beyond biomolecules at the early

stage of explorations.
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3.2 Materials and Methods

Customised iSCAT Microscope

The custom-made iSCAT microscope is detailed in Figure 3.2. A collimated

200 mW 635 nm diode laser (Lasertack) passes through a telescopic lens system

(TL1 + TL2) and a 50 µm pinhole (PH) which spatially �lters the beam. A 500

mm lens (L1) focuses the beam into the back focal plane of a high numerical

aperture microscope objective (Nikon 60x, 1.42NA). A partially transmissive

mask (diameter = 3.5 mm) placed near the back focal plane of the objective

couples the illumination light into the microscope and attenuates the light

re
ected from the interface, leaving the light scattered by nanoscopic objects

near the interface (which is radiated mostly into high collection angles) largely

una�ected. This enhances the image contrast19. The scattered and re
ected

light is imaged onto a camera (CMOS) (Point Grey Grasshopper 3) with a 400

mm achromatic lens (L3), giving a magni�cation of 120x and an e�ective pixel

size of 48 nm per pixel.

The sample is mounted on a 3D stage, with a piezo �tted on the Z axis for

active focus stabilisation. The high numerical aperture of the objective allows

total internal re
ection at the glass-water interface. A large collimated beam

(660 nm, < 1 mW) is coupled into the microscope objective, which focuses

it at the sample. There, the parts of the beam associated with numerical

apertures greater than 1.33 undergo total internal re
ection. The re
ected

beam is imaged onto another camera (CAM) (Thorlabs), yielding an image

of a bright ring, the radius of which changes with focus and so can be used

as a readout of the focus position for active stabilisation. A 638 nm longpass

dichroic mirror separates the two channels.

A pulsed laser channel is spatially �ltered through a multimode �bre and

coupled into the iSCAT microscope through a 600 nm shortpass dichroic mirror,
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Figure 3.2: Experimental setup for iSCAT microscopy. OBJ { objective, M {
mirror, TL { telecentric lens, L { plano-convex lens, PH { pinhole, LP { longpass
dichroic mirror, SP { shortpass dichroic mirror, OF { optical �bre, BS { beamsplitter.

allowing NPLIN to be initiated. The NPLIN laser source is lined up to the

centre of the �eld of view of the iSCAT channel, which gives the experimental

setup the ability to record the �rst instance of crystallisation in a supersaturated

solution.

Movies of 20 nm gold, GroEl and supersaturatedKCl solutions were recorded

by custom-written Labview software. The movies of GroEl were analysed in a

ratiometric fashion by custom-written Labview software. The output h5. �le

was then analysed in python to generate the histogram and for Gaussian �tting.

There was no post processing for the images of the KCl crystals.

For estimating the sensitivity of the customised iSCAT microscope in terms

of nanometres, we calculated the radius of the protein based on its molecular

mass. If we assume the protein has the simplest shape, a sphere, we can

calculate its radiusRmin , as the minimal radius of a sphere that could contain
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the given mass of proteinM :

Rmin = (3 V=4� )1=3 = 0:066M 1=3

whereM is in Dalton and Rmin is in nanometer91.

Mass Photometry

Solutions of both (ZIF)-8 and (ZIF)-L in methanol and water were prepared

by Yeung, H.H. All measurements were performed using the commercially

available OneMP mass photometer (Refeyn Ltd, Oxford, UK). Data acquisition

was performed using Acquire MP (Refeyn Ltd, v1.1.3). Movies were recorded

at 1 kHz for small rectangular FOV (3.8Ö 10.8µm2) and 200 Hz for larger

FOV (14.2 Ö 14.2 µm2), with exposure times adjusted to maximise camera

counts while avoiding saturation. Images were time averaged 5-fold and pixel

binned 4 x 4 before saving, resulting in an e�ective pixel size of 84.4 nm/pixel.

All iSCAT images shown in Figure 3.5 and 3.6 other than Figure 3.6C were

then processed with a background removal by custom-written Labview program.

The background of each movie was generated by averaging the �rst 100 frames,

and then subtracted from each frame. Figure 3.6C is shown as the raw image

with no post processing.

3.3 Results and Discussion

3.3.1 Characterisation of the iSCAT Microscope

To investigate the capabilities of the custom iSCAT microscope, it is important

to analyse how small a particle it is possible to image and how sensitively it

can detect a small movement. Therefore, imaging of 20 nm diameter gold

nanoparticles and GroEL as small scattering signals were tested. 20 nm

diameter gold nanoparticles (BBI solutions) were clearly identi�ed on glass on
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the image which was 
at-�elded for non-uniform illumination intensity (Figure

3.3A). The image of a cleaned glass surface while GroEL molecules bound

non-speci�cally to it out of solution was acquired at an e�ective frame rate of

10 Hz after averaging 100 frames (Figure 3.3B). In order to detect signals much

smaller than the background, the image here was divided by the glass roughness

background. The contrast of individual GroEL binding events was extracted

by �tting to a model point spread function and such events were plotted in

a histogram (Figure 3.3C). The mean contrast and the standard deviation

are 4.4� 10= 3 and 6.9� 10= 4, respectively. Using the molecular mass of 800

kDa and the linear relationship between interferometric contrast and protein

mass, the standard deviations of these histograms correspond to a mass of

approximately 125 kDa. Assuming the protein has the simplest shape, a sphere,

the radius of a 125 kDa protein can be estimated as 3.3 nm,91 showing that

the microscope is capable of detecting early crystallisation events with high

sensitivity.
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Figure 3.3: Performance of the customised iSCAT microscope. (A ) Normalised
interferometric image of 20 nm gold on clean glass. (B ) Ratiometric image of GroEL
on clean glass. Scale bars: 1µm; (C) Histogram shows interferometric contrast of
an 800 kDa GroEL protein imaged on the setup. Red line shows a Gaussian �t to
the histogram, with mean contrast and standard deviation of µ = 4.4� 10= 3, � =
6.9 � 10= 4.

3.3.2 Nucleation in Supersaturated Solution

The advantage of using KCl for studying NPLIN is that one has a better

control over the nucleation conditions, and the system is also potentially more

theoretically tractable. Here, supersaturated solutions of KCL (S= 1.08) were

prepared, and their crystallisation was imaged. The supersaturated solution

interface was brought into focus and was irradiated with pulsed 532 nm radiation

from a Nd: YAG laser (Continuum Surelite SL II-10), with an approximate

intensity of 0.6 MJ/cm � 2, in order to initiate NPLIN.

Uniform crystals and small particles were observed after a single pulse
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(Figure 3.4). However, these signals were detected while going through the

whole sample instead of being observed near the interface exclusively, which

was required for quantitative imaging. It was thus di�cult to characterise

whether we observed the thermal e�ects or whether the pulsed laser caused

crystallisation at this stage. Still, these results show that iSCAT can be used

to study a single crystal of the size ranging from hundreds of nanometres to a

few micrometres.

Figure 3.4: Interferometric images of KCl crystals after induction by a 532 nm
pulsed laser. (A ) A uniform and giant crystal. ( B ) Small crystals on clean glass.
Scale bars: 1µm.

3.3.3 Crystallisation of (ZIF)-8 and (ZIF)-L

Measuring (ZIF)-8 in methanol by a commercially available mass photometer

provided detailed information across di�erent stages during its formation.

Small particles whose sizes were smaller than 200 nm (di�raction limit) formed

immediately after mixing and remained in solution throughout the measurement

which lasted about 10 minutes. This agrees with the observation found in

previous studies, where ZIF-8 nanocrystals form rapidly at room temperature

to about 40 nm and grow until 100 nm at 10 mins after mixing.88 However, the

1 nm metastable intermediate pre-equilibrium species were not detected due to

the current limited detection sensitivity. At about 5 mins after mixing, larger

particles started emerging in solution and binding irreversibly to the glass
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surface (Figure 3.5A). The signals of these particles are slightly asymmetric

when compared with the standard PSF, and considered to be larger than the

di�raction limit of 200 nm. The size of these particles is therefore estimated

as 300 - 400 nm. The growth rate observed by MP can then be estimated as

60 - 80 nm/min. This estimation is close to the previous �nding observed by

AFM under room temperature, which is found to be at� 5 x 10� 1 nm/s ( �

30 nm/min) 92. Continued binding of these large particles resulted in layers

on the surface (Figure 3.5B). Yet fast evaporation of organic solvent inhibited

long-term measurements required for the latter stage of ZIF-8 growth.

Figure 3.5: Crystallisation of (ZIF)-8. ( A ) Small particles (< 200 nm) form rapidly
and exist in solution throughout. Larger particles (300 { 400 nm) (as shown at the
intersection of the yellow lines) bind irreversibly to glass surface at 5 mins after
mixing. (B ) Continued binding of larger particles forms layers on the surface. Scale
bars: 1 µm.

By controlling the Hmim/Zn ratio in aqueous solution, a two-dimensional

ZIF-L structure was synthesised and measured by MP at room temperature.

Particles (300 { 400 nm) appeared and bound to the glass, forming a surface

layer at 5 mins after mixing (Figure 3.6A). At about 40 mins later, nonspherical

crystals (> 400 nm) emerged and bound to the surface (Figure 3.6B). These

crystals are considered to be the reported 
at and lenticular micron-sized
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crystals of (ZIF)-L. Finally, anisotropic crystals (� 1 µm) are detected, as

expected for (ZIF)-L crystals visualised by SEM (Figure 3.6C).87 The resulted

growth rate of ZIF-L crystal estimated by MP measurements is approximately

at 10 - 25 nm/min, which is slower than the one of ZIF-8 crystal.

Figure 3.6: Crystallisation of (ZIF)-L. ( A ) From 5 mins after mixing onwards,
particles of the size of 300 { 400 nm bind to the glass, and form a surface layer. (B ) At
longer time (� 40 mins), nonspherical crystals (> 400 nm) in solution gradually bind
to the glass. These crystals may correlate to the reported 
at, lenticular micron-sized
particles of (ZIF)-L. ( C) Eventually, anisotropic crystals ( � 1 µm) form as expected
for (ZIF)-L. Scale bars: 1 µm.

3.4 Conclusion and Outlook

Taken together, the customised iSCAT microscope has been shown to be capable

of detecting small movements with high sensitivities over a short time period

at 1000 fps. Additionally, the commercial mass photometer has been shown to

be able to provide information on thin �lm formation as well as crystal growth.

Further experiments looking to test the consistency of surface structures could

determine whether the formed particles are crystalline or not. These studies
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give an insight into the potential that iSCAT o�ers to study nucleation and

crystallisation events.

Figure 3.7: Improvements such as establishing a precise control over the power
output of the laser pulse and using a single-mode �bre to control the location of
nucleation spot can be made in the setup design.

Further improvements can be made in the setup design for study NPLIN

(Figure 3.7). Instead of using a multimode �bre, applying a single mode �bre or

coupling the pulsed laser in open space might actively help with observing the

non-photochemical laser induced nucleation events in the �rst instance. The

multimode �bre cannot focus tightly such that the nucleation might happen

anywhere in solution instead of inside the �eld of view. While on the other

hand, a single mode �bre with di�raction limited focus helps to set power such

that the threshold is only exceeded within the beam focus in which it can

control where nucleation happens. Besides, during the course of experiments,

it was di�cult to establish a precise control over the power output of the laser

pulse. It is recommended to develop a better optical set-up, which utilises the

combination of wave-plates and polarisers. A �ne control over the power will

also allow to precisely study the dependency of peak intensity on the e�ciency

of NPLIN.

Further to this, the e�ect of di�ering supersaturation, pulse length and power
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on the rate and direction of crystallisation should be probed to understand

the mechanism of NIPBL. An addition of gold nanoparticles to the surface of

the glass coverslip around which crystallisation of a supersaturated solution is

initiated will not only provide data for the interaction of the crystal growth with

the nanoparticles, but also allow potential surface enhanced Raman scattering

(SERS) of the crystal to be studied.

With regard to measuring the crystallisation of (ZIF)-8 and (ZIF)-L by a

commercial mass photometer, MP has shown to be able to detect the early

stage of nucleation, to investigate thin �lm formation on a surface as well

as to follow the latter stages of crystal growth. Even though the observed

kinetics is still rough at this stage, the preliminary �ndings have found to match

some of the results given by other techniques, such as static light scattering,

X-ray di�raction (XRD) and wide-angle X-ray scattering. 89,93,94 However, it

still remains a great challenge to quantify the crystal growth rate at the early

stage due to fact that particles are smaller than the di�raction limit (200

nm). Further to this, for future experiments, modi�cations of the glass surface

are favoured for slowing down the rate of nucleation and allowing reversible

attachment of the particles onto the surface. This may help to eliminate

the problem of focusing when measuring (ZIF)-8 in methanol, and to allow

more representative observations of (ZIF)-L crystallisation in bulk solution by

reducing the formation of a surface layer. In addition, with a larger FOV and

longer timescales, one should be able to capture more information about the

formation of an-isotropic (ZIF)-L crystals.

Overall, this chapter can be considered as an inspiration for iSCAT and

MP to study the mechanism of matter beyond biomolecules. However, this

strand of work requires a fairly good control of the system to be studied, also

with the technical improvements within the setup to cope with the problems
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such as the heating of the objective, the evaporation of the organic solvent

and the di�culty in precisely determining the growth rate. Additionally, the

development from iSCAT to MP based on its ability to quantify the mass of

water-soluble molecules and produce dynamic data has drawn more attention

to studying biomolecular interactions. Therefore, the research illustrated in

this chapter was drawn to an early close and the work of this thesis was

then switched to studying DNA and DNA-protein interactions. Still, through

building the microscope and conducting preliminary data analysis, a solid

understanding in the underlying mechanism and the fundamental operation of

iSCAT and MP has paved the way to explore MP's applications to studying

DNA and DNA-protein interactions.
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Chapter 4

Single Molecule Mass
Photometry of dsDNA and
ssDNA

Parts of this chapter are reproduced with permission from the following publi-

cation: Y. Li, W. B. Struwe and P. Kukura, Single molecule mass photometry

of nucleic acids,Nucleic Acids Research, 2020,48, e9795

The 155mer of ssDNA samples were prepared and provided by the Tom

Brown group at University of Oxford. The ssDNA sca�olds were provided by

the Hendrik Dietz group at The Technical University of Munich. The DNA

origamis were provided by the Philip Tinnefeld group at Ludwig-Maximilians-

Universitat M•unchen. All the data discussed in the results section were acquired

and analysed by myself. The above publication was compiled and edited by all

of the listed authors, including myself.

4.1 Introduction

Single molecule analysis has been widely applied to studying DNA structure,

function and interactions.96 Next generation sequencing heavily relies on single-

molecule methods, especially those using single molecule 
uorescence1,2 or

nanopore-based approaches.97,98 Similarly, single molecule methods are now

41



4.1. Introduction

extensively used in a variety of incarnations to study DNA{protein interac-

tions,99 with both DNA and proteins visualised by 
uorescence labelling to

reach single molecule sensitivity.100

Label-free detection and quanti�cation would be highly desirable in this

context because of the reduced experimental complexity and minimal potential

perturbations. While visualisation of single DNA molecules has been possible for

decades using non-optical methods, such as electron microscopy101 and atomic

force microscopy,102 which can also be used to study mechanical properties,103

label-free optical detection has remained a considerable challenge.

As referred in Sections 2.3 and 2.4, Mass photometry enables not only label-

free detection and imaging of single molecules, but critically their quanti�cation

through mass measurement with high levels of accuracy, precision and resolution

at a lower detection limit on the order of 40 kDa. Another important feature of

MP is the capability to measure the distributions of proteins in bulk solution,

from which one can extract binding a�nities, kinetics and stoichiometries.

While biomolecules have broadly comparable optical properties in the visible

range of the electromagnetic spectrum104,105, important properties in the context

of interferometric measurements, such as polarisability, refractive index and

e�ective density, of DNA and proteins are still very di�erent. To study DNA-

protein interactions by MP, one would expect to measure and quantify DNA

and protein molecules simultaneously with a mass accuracy su�cient for many

application. Therefore in this chapter, we set out to investigate to which degree

the capabilities of MP translate to nucleic acids, which would enable not only

their detection, imaging and analysis, but also provide a universal route to

studying DNA-protein interactions at the single molecule level.
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4.2 Materials and Methods

Sample Preparation

Solvents and chemicals were purchased from Sigma Aldrich unless otherwise

noted. Milli-Q water and high-grade solvents were used for all experiments.

A double-stranded DNA ladder consisting of 100, 200, 400, 800, 1200 and

2000 base pairs was purchased from Invitrogen (Cat. No. 10068013). A 100

bp dsDNA ladder consisting of 13 individual chromatography-puri�ed DNA

fragments in the range of 100{2000 bp was also purchased from Invitrogen

(Cat. No. 15628050). Circular single-stranded DNA samples with 4536, 6048,

7249, 8064 bases were prepared as previously described.106 Samples were kept

in TE bu�er (10mM Tris, 1mM EDTA) and no denaturing agent was used

during measurements.

Single stranded DNA (155-mer) was synthesized on an Applied Biosystems

394 automated DNA/RNA synthesizer using a standard 0.2µM phospho-

ramidite cycle of acid-catalysed detritylation, coupling, capping and iodine

oxidation. Stepwise coupling e�ciencies and overall yields were determined by

the automated trityl cation conductivity monitoring facility and was > 98.0%.

Standard DNA phosphoramidites and additional reagents were purchased from

Link Technologies Ltd, Sigma-Aldrich, Glen research and Applied Biosystems

Ltd. All beta-cyanoethyl phosphoramidite monomers were dissolved in anhy-

drous acetonitrile to a concentration of 0.1 M immediately prior to use with a

coupling time of 50 s. Cleavage and deprotection were achieved by exposure

to concentrated aqueous ammonia solution for 60 min at room temperature

followed by heating in a sealed tube for 5 h at 55°C. Puri�cation was carried

out by denaturing 8% polyacrylamide gel electrophoresis, without any dye.

In brief, formamide (500µl) was added to the DNA sample (500µl in water)

before loading to the gel, bands corresponding to the full length were excised
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and the DNA was isolated using the `crush and soak method'. The excised

polyacrylamide pieces were broken down into small pieces then suspended in

distilled water (25 ml). The suspension was shaken at 37°C for 18 h, then

�ltered through a plug of cotton wool. The �ltrate was concentrated to � 2

ml, then desalted using two NAP-25 columns followed by one NAP-10 column.

The desalted eluent was lyophilised prior to use.

Two di�erent shaped DNA origami structures with the same molecular

weight at 4.5 MDa were prepared and provided by Florian Selbach at LMU.

The rod-like shaped DNA origami (12HB) with a length of around 200 nm and

a diameter of 10 nm was folded as reported elsewhere.107 The brick-shaped

DNA origami (GATTA-Beads) with a diameter of around 20 nm was purchased

from GATTAquant GmBH. No additional modi�cations were performed on

both DNA origamis after folding. To acquire clean sample solutions with high

quality for MP measurements, PEG precipitation was used to purify DNA

origamis.108 In particular, both DNA origami samples were mixed with the

same amount of 12% PEG bu�er (12% (w/v) PEG-8000, 1Ö TAE, 12 mM

MgCl2, 500 mM NaCl) and centrifuged at 16,000Ög for 45 mins at 4°C. The

supernatants were removed before adding the initial amount of 1Ö TE bu�er

containing 14 mM MgCl2 to the pellets. All bu�ers were �ltered before use.

Prior to MP measurements, 231 nM (0.1175µg/ µl) dsDNA stock solutions

were diluted 25-fold in 5 mM Tris, 10 mMMgCl2, pH 8. The 100 bp dsDNA

ladder stock solutions (0.5µg/ µl) were diluted 200-fold. Single-stranded DNA

stock solutions (167 nM for 4536 nt, 125 nM for 6038 nt, 100 nM for both

7249 nt and 8064 nt) were diluted 10-fold in the same bu�er. 7.79µM 155 nt

single-stranded DNA stock solutions were diluted 1000-fold. Standard protein

marker solutions were diluted 10-fold in the same bu�er. Both DNA origamis

were diluted down to 12.5 nM during the measurements. Samples were kept at
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room temperature during analysis.

Surface Functionalisation - APTES protocol

While the general operating principle behind MP remain the same for DNA as

the ones for proteins, the main di�erence between measuring the two is that due

to negatively-charged backbone, DNA does not bind irreversibly to unmodi�ed

glass slides. To observe DNA binding to glass by MP, altering the charge

of glass surface is necessary. In this chapter, (3-aminopropyl)triethoxysilane

(APTES) functionalisation based on Nicholaset al.'s protocol was used to add

a positive charge to the surface (Figure 4.1).109 To obtain covalent binding of

APTES to the surface, theO { groups are �rst exposed on the glass surface by

oxygen plasma cleaning before APTES is physisorbed onto the surface. APTES

then forms a siloxane bond with the exposed O{ groups and, when heated to

100°C, with neighbouring APTES molecules. Finally at physiological pH, the

amine group carried by APTES is protonated toNH4
+ groups, providing a

positive charge to the glass surface.

In practical, microscope coverglass (24Ö 50 mm # 1, 5 SPEZIAL, Menzel-

Glaser) and (3-aminopropyl)triethoxysilane (APTES)-functionalised coverslips

were prepared as described previously.3,109 Brie
y, coverslips were cleaned

by sequential sonication in 2% Hellmanex (Hellma Analytics), water and iso-

propanol for 10 min. For making APTES coverslips, the cleaned coverslips

were then brought to plasma cleaning with oxygen (Diener electronic Zepto)

for 8 min, after which they were immersed in 200 ml 2% APTES solution in

anhydrous acetone for 1 min with agitation before rinsing in 200 ml anhydrous

acetone. Finally, the coverslips were incubated at 110°C for 1 h and cleaned

by sonication in isopropanol (10 min) and water (5 min) before drying under a

nitrogen stream.
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Figure 4.1: APTES functionalisation of glass. An appropriately cleaned glass
surface containing a high density of silanol groups is exposed to aminosilane in nearly
anhydrous acetone, yielding a diverse mixture of free silanes and silanols in solution,
which then physisorb onto the surface via hydrogen bonding and/or ionic interactions
(several con�gurations in addition to the ones shown are possible). The addition of
heat drives the formation of siloxane bonds between the physisorbed silanes/silanols
and the glass surface by supplying energy and removing condensation products
(water and ethanol) by evaporation. This reaction is catalysed by the terminal
amine group. Rinsing in ethanol and water removes any remaining physisorbed
aminosilane deposits and leads to hydrolysis of remaining ethoxy groups on the
bound silanes, converting them to silanols. A �nal heating/drying helps these silanol
groups form intramolecular siloxane linkages (siloxane bonds may also form via
reaction of adjacent ethoxy and silanol groups, as during the initial bonding to the
surface). This conceptual scheme does not illustrate several concurrent pathways
that also lead to stable binding of aminosilanes to the glass surface (e.g., aminosilane
oligomerization in solution, followed by physisorption and binding to the surface).
The �nal product of this treatment is a glass surface densely covered in covalently
attached amines. Adapted from Nicholaset al., 2014.109

Mass Photometry

Setup and instrument settings

Mass photometry was performed using a home-built microscope as previously

described3,19 and illustrated in Section 2.4. Instrument settings were as follows:
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Laser wavelength: 520 nm, laser power: 300 mW, frame rate = 955 Hz, exposure

time = 998µs, temporal averaging: 5-fold, pixel binning: 4Ö 4, �eld of view:

3.5 Ö 10 µm2. This leads to an e�ective frame rate of 191 Hz and an e�ective

pixel size of 84.4 nm. All measurements were performed using 
ow chambers

made by microscope cover glass and double-sided tape with 15µl sample per

analysis. Flow chambers were �rst �lled with a bu�er blank to position the

coverslip into the optimal focus position. Samples were then added to one side

of the 
ow chamber and introduced by capillary 
ow with the aid of tissue

paper to draw liquid into the chamber.

Data acquisition and analysis

Data acquisition was started within 15 s of sample addition for a total of 120 s.

In total, �ve replicates were taken for the double-stranded DNA ladder and

three replicates for each single-stranded DNA sample. Data acquisition was

performed using custom software written in LabView, generating a single movie

�le (.tdms) for further analysis. Three replicates were taken for the standard

protein marker and �ve replicates were taken for the 100 bp double-stranded

DNA ladder.

All acquired movies other than the DNA origami ones were processed and

analysed using Discover MP v1.2.4 (Refeyn Ltd). The analysis procedure

involved two �tting parameters for identifying landing events: (i) Threshold 1

related to a given particle contrast amplitude relative to the background and

(ii) Threshold 2 related to the radial symmetry of the detected point spread

function (PSF) of the same particle.

Analysis parameters for dsDNA and ssDNA samples are shown in Table

4.1. Threshold 1 was set to 1 to quantify smaller DNA (100 bp dsDNA and

155 nt ssDNA). In the presence of background due to bu�er impurities or other

contaminants, Threshold 1 was increased to 3 where necessary, which was
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DNA sample Number of
binned frames,n

Threshold 1 Threshold 2

dsDNA ladder 8 1 0.2
ssDNA 155nt 8 1 0.2
ssDNA 4536nt 5 3 0.3
ssDNA 6048nt 5 3 0.3
ssDNA 7249nt 5 3 0.3
ssDNA 8064nt 5 3 0.3

Table 4.1: Analysis parameters for dsDNA and ssDNA samples

informed by running bu�er blanks. For larger DNA samples, Threshold 1 = 1

provided e�ectively indistinguishable results to Threshold = 3, since changes

in this value only a�ected the low size regime (< 300 kDa). With Threshold

2, values were set to the default (0.2) and slightly greater values (0.3) were

chosen for longer DNA strands to allow for any deformations of the PSF due

to species exceeding the di�raction limit, resulting in a slightly asymmetric

PSF. In the case of the linear dsDNA ladder, using the same Threshold 2 for

analysing 100 and 2000 bp was not ideal, especially considering the size of 2000

bp dsDNA was approaching the di�raction limit. The shape of the PSF of a

2000 bp DNA became asymmetric. However, we found no evidence that the

value of Threshold 2 has a measurable e�ect on the contrast of the landing

event, either in DNA or protein measurements.

The output �les contained a list of all detected particles within the analysed

movie and their corresponding contrast values. The contrasts of all landing

events were plotted as a scatter plot along the time axis. A histogram of the

number of landing events and the contrasts was then generated. The resulting

peaks were �t to a sum of Gaussians and the mean of the �tted peaks was

taken as the contrast for each DNA component. The contrast to base pair

ratio was determined by a linear �t. Base pair error was given as a deviation

of the measured number of base pairs from the nominal number given by the
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manufacturer. The contrast to nucleotide ratio and the nucleotide error for

ssDNA was determined in a similar manner. The input values used to calculate

the estimator bandwidth (bw method) in the violin plots using the python

package matplotlib (both the base pair error and nucleotide error) were set to

0.32.

Due to the asymmetry in the PSFs of the origamis, especially for the

rod one which was 200 nm in length and 10 nm in diameter, the movies of

DNA origamis were processed by custom-written Labview software instead

of commercial DiscoverMP software. The data analysis work
ow involved a

thresholding approach, with two main thresholds, T and P. T was applied to

the convolved image, resulting in a binary map of pixels with values greater

than this threshold. The threshold T used in the origami experiments was set

to be 0.008. From here, a particle probability (PP) image can be calculated

as described by Yanget al..110 A PP threshold can be set above which pixels

are considered as candidate particles for �tting, with a value of 0.3 being

typical and used for the analysis here. Then, a �tting routine, which allowed

for di�erent x and y widths, as well as a rotation of the PSF during particle

capturing, was applied to the candidate particles. The output �les contained a

list of all detected particles within the analysed movie and their corresponding

contrast values, as well as their x and y widths. A histogram of the number of

landing events and the contrasts was then generated. The resulting peak was

�t to a Gaussian function and the mean of the �tted peak was taken as the

contrast for each DNA origami. The x and y widths were assigned to create a

joint plot including a scatter plot with marginal histograms.

The estimation for the kernel function of the origami's PSF was done by

assuming the PSF as a di�erence of two 2D Gaussian functions. The relative

widths and amplitudes of the two were �xed by the ratio of the diameter of the
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partial re
ector to the diameter of the back focal plane of the objective, and

by the transmission of the mask. The three parameters ofa12, w, and s, which

correlated to a measure of the mask strength, the width of the jinc function

caused by the objective back aperture, and the width of the overaching Gaussian

function which modulated the signal of the summed jinc functions, depend

on the instrument used. These parameters were determined by measuring the

standard protein marker MS1000 on the same mass photometer. Since the units

of s and w were in pixels, they were multiplied by 84.4 nm per pixel before

generating the 2D Gaussian kernel. In the simplest case, the brick-shaped

and rod-shaped origamis were assumed to have the same density. Then, the

discrete, linear convolution of the shape of the DNA and the gaussian kernel

was generated. The estimated intensity of the simulated PSF was found as the

PSF height at the PSF centre.

Di�usion correction and concentration measurements

The relative abundance of each DNA fragment in the dsDNA ladder was

calculated from the area of each Gaussian peak in the kernel density estimate

(KDE) plot, a = A�
p

2� , wherea is the area, A is the maximum height at

centroid and � is the standard deviation of the �tted Gaussian. The contrast

magnitude achievable with the 100 bp species approached the limit where the

instrumental readout in terms of counting molecules is quantitative.

To account for di�erences in binding rates and thus molecule counts caused

by varying di�usion speeds, we applied a correction to the measured mass

distributions. 3 We assumed that the binding rate constant scales with the

di�usion coe�cient, which has been reported to be roughly proportional to

bp� 0:72 for DNA (i.e., ki = � � bp� 0:72, whereki is the binding rate constant for

DNA component i and � is a scaling factor).111 We assumed that the scaling

factor � is constant for all DNA components. To estimate the scaling factor
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� , an exponential function was �tted to the number of landing events vs time

resulting in an average binding rate,k. The scaling factor was calculated as:

� =
k

< bp > � 0:72

, where< bp > is the average number of base pairs of all the DNA components

in solution calculated based on the distribution of each DNA component,

< bp > =
P N

i =1 bpi � ai

N

, wherebpi is the number of base pairs andai the relative abundance measured

experimentally of DNA componenti , and N is the total number of species in

solution.

To accurately estimate the proportion of each DNA fragment in solution,

it is important to account for landing events that occur between the time

when the sample is added (taddition ) and when data acquisition starts (t0). We

accounted for this by �tting the exponential decay of measured binding events

from the addition of sample (fromtaddition ) to completion of all sample binding

(t = inf inity ). Experimentally, we integrated from a given timet0 = 15 s after

addition of sample up to a later time,t f inal = 135 s, when the acquired movie

ended. Relating these two, the corrected intensity was given by:

a0
i = ai

ek i t0

1 � e� k i (t f inal � t0 )

, wherea0
i is the intensity of DNA componenti corrected over all time, andai

is the experimentally measured abundance. The corrected mass distribution

was then renormalised.

4.3 Results and Discussion

4.3.1 Quantifying DNA Contour Length

The operating principle behind MP is based on accurately measuring the change

in re
ectivity of a glass-water interface caused by interference between light
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scattered by a molecule binding to the interface and light re
ected at that

interface (Figure 4.2A). To test the applicability of MP to a representative

DNA sample, we started with an analysis of a standard low mass dsDNA ladder.

A 9 nM solution diluted in the bu�er (5 mM Tris, 10 mM MgCl2, pH 8) led

to distinct molecular binding events with clearly varying molecule-to-molecule

contrasts (Figure 4.2A), while frequent unbinding events were observed on non-

APTES coverslips (Figure 4.3A), suggesting that appropriate surface charge

was required to achieve tight surface binding. The contrast histogram of the

landing events on non-APTES coverslips showed very poor resolution (Figure

4.3B). As for signals collected on APTES coverslips, a scatter plot of these

signals obtained by quantifying the signal magnitude for each individual binding

event exhibited six clear bands, as expected from the ladder used (Figure 4.2C).

This separation persisted upon binning into a contrast histogram, with baseline

resolution from the second peak onwards. The observed spacing and knowledge

of the ladder composition allowed for assignment to di�erent contour lengths

by inspection (Figure 4.2B, C). These results demonstrate that MP can detect

single DNA molecules without labels with a comparable performance in terms

of mass sensitivity and resolution to polypeptides.
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Figure 4.2: Quantifying DNA length by mass photometry ( A ) Working principle
of label-free DNA detection and quanti�cation by mass photometry. Individual
DNA molecules di�using in solution bind to an appropriately charged glass surface.
Binding events cause changes to the re
ectivity of the interface, visualized by a
contrast-enhanced interferometric scattering microscope through the interference
between scattered and re
ected light. Scale bar: 1µm. (B ) Agarose gel image of a
low mass dsDNA ladder. (C) Scatter plot and resulting contrast histogram (with
corresponding kernel density estimate shown in red) obtained by quantifying the
image contrast on a molecule-by-molecule basis for the low mass dsDNA ladder.
The close correspondence between the gel and resolvable features in the contrast
histogram allows for assignment by inspection.

Figure 4.3: (A ) Image of dsDNA ladder binding to a regular glass coverslip and
(B ) its associated histogram. The unbinding events are circled red. Scale bar: 1µm.
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