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Abstract

High-Throughput imaging can reconstruct complex signalling networks, re-

veal unknown interactions and capture rare cellular events. Simultaneously, the

development of Single Molecule Localization Super Resolution Microscopy has

enabled molecular-level structural information to be obtained in a single cell. But

the increase in resolution comes at a trade-off for the amount of molecular spe-

cies that can be imaged and the time it takes to acquire data, all of which limit the

applicability of super-resolution to high-throughput work-flows. The present work

details a framework to address this. It combines three independent approaches: a

microscope hardware design approach to increase the amount of data that can be

obtained in a Super-Resolution experiment; an optofluidics platform that can be

wholly synchronized with most microscopes; and a sequential labelling framework

to increase the number of species that can be imaged in Super-Resolution in a single

cell. The hardware design is validated by performing Single Molecule Localization

of cytoskeleton components and its throughput is shown to be up to an order of

magnitude larger than a corresponding commercial system. We demonstrate a com-

plete optofluidics platform to integrate microfluidics with a microscope, enabling

live imaging, drug application, fixation, and staining in single cells synchronized

with imaging protocols. Finally, we show an efficient sequential labelling protocol

that is compatible with the optofluidics platform, enabling several molecular spe-

cies to be imaged in the same cells. Overall, our approach increases the speed and

amount of data that can be acquired in a single of Super-Resolution experiment,

as well as, by performing on-line fixation, considerably improves our capacity for

High-Throughput experiments in Super-Resolution imaging.



Impact Statement

By combining super-resolution, sequential labelling and microfluidics, live

imaging of single cells can be directly linked to highly multiplexed, high resolu-

tion fixed imaging of cellular components, enabling more data to be extracted from

a single cell than has been otherwise possible. With this method, potentially, the

state of entire signalling pathways can be reconstructed in single cells in a high-

throughput manner. For Systems Biology, this means biological networks can be

identified and parameterized with unprecedented precision and accuracy. The use

of online fixation has the potential of solving a long-standing issue in Systems Bio-

logy which is the lack of temporal information on predicted biological networks.

Such information can also be used to probe the impact of drugs on whole signalling

pathways with much greater detail than before. Pharmaceutical drug screening

would benefit from this as the predictive power of early validation screens would

increase. This could reduce the number false positives and increase the number of

valid candidate drugs, thereby accelerating the drug discovery process. By reducing

the number of false positives, less funding would be wasted and it would also reduce

the number of animals used on non-beneficial drug trials. Given the current lack of

new antibiotics being developed, the increase of valid candidate drugs could be an

invaluable boost to world health. In support of this, microscopy and microfluidics

companies would stand to gain from integrating microscope and pump software

packages. This sort of technology would then open up for researchers from basic

science across to large pharmaceutical companies. From better products in the mi-

croscopy and microfluidics industries, to new ways to do Systems Biology, to sorely

needed new drugs, this framework presents many new possibilities.
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Chapter 1

Introduction

1.1 Resolution in Light Microscopy
Since the advent of the microscope’s invention, the minimum resolvable detail

that could be discerned has been truncated to around 200 nanometres (Rino et al.,

2009). Light, as it passes through the optical elements of a microscope, gets diffrac-

ted. As a consequence, even if light is generated from an infinitesimally small point

in space, an image will be blurred into a spot of limited diameter, with a pattern of

concentric rings surrounding it (figure 1.1 A, B). This pattern was first observed in

telescope images and the central spot is named the Airy disk, after George Biddell

Airy who made the first theoretical description of it. (Cox, 2010).

After Airy, Lord Rayleigh (John William Strutt), formulated an estimate of

the minimum detail that could be observed with a telescope, or in other words, its

resolution. The resolution of a system is defined as the minimum distance at which

two spots or objects can be resolved from each other. Therefore, the larger the

diameter of the image of a spot (the airy disk), the larger the distance, and the worse

the resolution of a system. To calculate the resolution of a microscope, Rayleigh

empirically formulated equation (1.1) which estimates the radius of an airy disk.

d =
0.61λ

NA
(1.1)

Where λ is wavelength and NA the numerical aperture of the lens. He posited

that when the centre of one airy disk lies between the centre and the first minimum
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A B
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G

D
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H

Figure 1.1: Demonstration of resolution by the Rayleigh criterion. Green crosses - spot
locations; Blue crosses - first minimums; Dotted lines in A,C,E and G are plotted in
B,D,F and H, respectively. The distance between the centre and the first minimum of an
Airy disk is the Rayleigh resolution (B). The airy disk of a single infinitesimal spot (A,
B) is indistinct from that of two spots lying at half the Rayleigh distance (C, D). But they
can be distinguished at the Rayleigh distance (E, F) or any value above it (G, H).
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of another airy disk (figure 1.1), that is when either could no longer be distinguished

from each other. The distance between the first minimum and the centre of the disk

would be the minimum distance where two spots could still be distinguished. This

is called the Rayleigh resolution criterion (Cox, 2010). This meant that the radius

of a spot could be used as an estimate of the maximum resolution obtainable when

looking at bright spots in dark backgrounds, which is the case in astronomy but

also in fluorescence microscopy. There are other analytical definitions of resolution

such as the Abbe or sparrow criterion (Cox, 2010). However, since Rayleigh was

looking at bright spots in a dark background, his criterion has become the standard

estimator of the resolution of a fluorescence imaging microscope. By applying the

Rayleigh criterion to visible light wavelengths and common objective NA, the value

of 200nm has become the standard estimate of the maximum resolution a visible

light microscope can achieve (Pawley, 2006).

The diffraction limit of light has meant light microscopes are inherently incap-

able of imaging details and interactions at the level of single molecules as these are

often an order of magnitude, or more, smaller. For example, the diameter of a mi-

crotubule is 25nm (Wade, 2009), chromatin fibres have a width of 30nm (Robinson

et al., 2006), and the prokaryotic ribosome has a diameter of circa 20nm (Alberts

et al., 2002).

Diffraction occurs when an aperture lies on the path of any particles with wave

properties. Photons fall under this category, but so do electrons. From equation (1.1)

one can surmise that by using particles with smaller wavelengths than photons,

like electrons, one can image with better resolution. Indeed, that is the motiva-

tion behind the development of Electron Microscopy (EM). EM microscopes can

reach practical atomic resolutions as low as 0.1nm, but in practice electron micro-

scopes routinely achieve resolutions of around 2nm in cellular samples (Alberts et

al., 2002). This is 2 orders of magnitude better than even the best light microscope.

However, the sample preparation methods for EM imaging of cells are lengthy,

difficult, artefact prone, limited to thin cross-sections and strictly limited to fixed

samples (Herbert et al., 2012; Alberts et al., 2002). Moreover, while EM samples
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can be labelled specifically using immuno-gold techniques, the antigens available

for labelling are much reduced when in comparison to fluorescence microscopy, re-

ducing sensitivity, and the ability to reconstruct protein distribution (Alberts et al.,

2002). Given the trade-off’s inherent to EM imaging, there has been considerable

interest in enhancing the resolution achievable with a light microscope in order to

approach the resolution of EM while retaining good labelling characteristics.
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1.2 Super-Resolution Fluorescence Microscopy
This interest has led to the development of a set of techniques collectively

known as Super-Resolution (SR) microscopy (Schermelleh et al., 2010). There have

been many methods developed that claim to achieve SR imaging (i.e. <200nm), but

three have achieved widespread adoption: Stimulated Emission Depletion (STED)

microscopy; Structured Illumination Microscopy (SIM); and Single Molecule Loc-

alization Microscopy (SMLM).

STED microscopy uses the principle of stimulated emission depletion (Hell

et al., 1994). When a fluorophore is in the excited state (i.e., it has been excited by

a photon), it can be stimulated to drop its energy to a ground state by an incoming

photon of an appropriate wavelength. The resulting stimulated emission will have

the same wavelength and direction as the stimulating photon (Pawley, 2006). A

STED microscope is based on the confocal microscope, where the excitation laser

is focused to a diffraction-limited spot, which is scanned through the sample in a

raster pattern (Cox, 2010). The resulting emitted fluorescence is captured by a de-

tector, and the image is constructed point-by-point. In STED microscopy, two lasers

are used: one to excite fluorophores and another to deplete their emission (Hell et

al., 1994). While the excitation laser will focus to a normal, diffraction-limited spot,

the depletion laser is shaped into a doughnut pattern that is superimposed to the ex-

citation spot. The result is that all the fluorophores under the doughnut pattern will

be forced to emit in a specific wavelength, which is filtered out. The fluorophores

in the centre of the doughnut will be allowed to emit in their normal emission spec-

trum. Since the emitting area corresponding to the centre of the doughnut will be

significantly smaller than the diffraction limit of light, SR imaging is achieved in

this way (Hell et al., 1994). The resolution achievable with STED is theoretically

unlimited. Under ideal conditions, STED has been shown to achieve resolutions

as low as 6nm (Rittweger et al., 2009), but in biological samples it is limited by

a few factors: First, there is a limit to how many photons can emit in a quantity

that is sufficient to detect in such a small focal volume (Pawley, 2006); Second, it is

hampered by the imperfections in the optics that distort the doughnut-pattern as well
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as the super-position of both lasers (Gould et al., 2012); Third, the photochemistry

of many fluorophores and their local micro-environment does not allow efficient

depletion, restricting STED to a specific selection of fluorophores and mounting

media (Bouzin et al., 2013); Finally, because of the two laser wavelengths and the

possibility of cross-talk, multi-colour STED is severely limited. Despite this, STED

can routinely achieve resolutions of around 60 to 70nm (Almada et al., 2015).

Like STED, SIM is based on structuring the illumination of a microscope to

achieve SR. Its principle is based on the concept of Moiré patterns (M. Gustafsson,

2000). These mathematically predictable patterns emerge whenever two patterns

or structures super-impose on each other. In a fluorescence microscope, if its il-

lumination is patterned with a known structure, Moiré patterns will emerge on the

fluorescence image. The sample contains structural detail that is smaller than the

diffraction limit of light, which means it can’t be captured by the microscope. How-

ever, the Moiré patterns that result from the interaction of the structured illumination

with the sample will have sizes that allow them to be captured in the fluorescence

image. Since the pattern that is imposed on the sample is known, the underlying

structural detail can then be mathematically reconstructed from these patterns (M.

Gustafsson, 2000). The Moiré pattern will depend on both the phase and orient-

ation of the illuminating pattern so each Moiré will only provide information for

that particular phase and orientation. To fully reconstruct the SR image, a series of

translations and rotations of the pattern need to be performed. At a minimum, three

translations and three rotations are required. Combined, this means at least 9 raw

images are necessary for a meaningful reconstruction. Despite this, SIM is the fast-

est technique of three mentioned technologies (Almada et al., 2015). It also makes

no constraint on the sample or fluorophore choice, making it widely applicable.

However, because the structuring that can be applied to the illumination pattern is

itself limited by diffraction, SIM can only achieve a doubling of resolution (i.e.,

from 200 to 100nm). The fact that it depends on a mathematical reconstruction

process also makes it artefact prone (Ball et al., 2015; Schaefer et al., 2004).

While SIM and STED structure the microscope illumination spatially, SML
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A B C D

Figure 1.2: Schematic illustration of a SML microscopy acquisition. Adapted from Her-
bert et al. (2012). A - Simulation of a widefield diffraction limited image of a fluorescent
sample; All fluorophores are emitting simultaneously, which doesn’t allow them to be in-
dividually discriminated; B - SML microscopy techniques separate the emission in time
so that tens of thousands of frames of different subsets of single molecules can be ac-
quired; C - Each single molecule is identified and localised with high-precision from
each of the raw frames; D - By plotting the locations of all the localisations, a SR recon-
struction of the sample can be achieved.

microscopy structures the fluorescence emission temporally. The concept underly-

ing SML is that two or more molecules that are spaced at a distance shorter than the

resolution of the microscope cannot be resolved if they emit light simultaneously.

However, if only one of the molecules is emitting light, the Airy disk can be clearly

resolved. This allows the position of the single molecule to be estimated accur-

ately. There have been several SML techniques developed, but almost all rely on

trying to separate the emission of fluorophores over a period of time, in order to

image non-overlapping single molecules. This usually requires acquiring several

tens of thousands of images of single molecules. Each molecule is later fitted to

a function approximating the Airy disk shape, such as a Gaussian function. From

this fit, the estimated position of the molecule can be recovered with a precision

that is greater than the resolution of the microscope (Thompson et al., 2002). From

these recovered positions, a SR reconstruction can be made (figure 1.2). There are

two main techniques to separate the fluorophore’s emission in time: Photoactivated

Localization Microscopy (PALM)(Betzig et al., 2006), and direct Stochastic Optical

Reconstruction Microscopy (dSTORM) (Heilemann, Sebastian Linde et al., 2008).

PALM is based on the use of photo-activatable or photo-convertible fluorescent

proteins. These proteins can change emission state when exposed to an Ultra-Violet

(UV) light pulse; photo-activatable proteins change from a dark to a bright-state

and photo-convertible proteins change from one colour to another. By exposing the
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sample to a low intensity UV pulse, in the range of milliseconds, only a small and

random subset of the fluorescent proteins will change state (Betzig et al., 2006).

These altered proteins can be imaged specifically as single molecules, and their

signal can subsequently be bleached. This process of UV pulsing, imaging and

bleaching can be repeated several thousands of times until most of the fluorescent

proteins have been imaged. While PALM uses fluorescent proteins, dSTORM uses

organic fluorophores, such as Alexa Fluor and Cyanine (Cy) dyes, whose emission

can be turned on and off stochastically. Bates, Blosser et al. (2005) first observed

that, by pairing two dyes with distinct, but close, emission spectra the fluorescence

emission could be selectively activated by excitation with one wavelength, and in-

activated with another. These optical switches became the base for the first STORM

modality (Rust et al., 2006; Bates, B. Huang et al., 2007). By using these dye-pairs,

super-resolution can be achieved by alternating pulses of activating and inactivating

laser-light to generate a blinking sequence. Heilemann, Margeat et al. (2005) then

observed that, by using an oxygen-scavenging buffer in conjunction with a thiol,

such as β -mercaptoethylamine, organic fluorophores can blink naturally when illu-

minated with intense laser light (i.e., > 1 kWcm−2 to 2 kWcm−2; Sebastian Linde,

Löschberger et al., 2011). By exploiting this property, dSTORM simplified the

STORM procedure by requiring only one dye, a specific buffer and a strong illumin-

ation laser (Linde et al., 2008; Sebastian Linde, Löschberger et al., 2011). The in-

herent photochemistry of most fluorescent molecules commonly used in dSTORM

allows them to easily enter long-lived dark states when in such conditions, and these

states are reversible as opposed to bleaching. Dyes can also be induced to re-enter

an activated state through excitation with UV or near UV light. This enables most

dSTORM systems to modulate the switching behaviour of fluorophores by adjust-

ing both the excitation laser and UV laser intensity. In both PALM and dSTORM,

the resulting image stack consist largely of single molecules appearing in one frame

and disappearing in the next. Most of these molecules will be separated from each

other by a distance greater than the resolution of the microscope, even though some

will inevitably lie at a smaller distance. The apparent turning on and off of the
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molecules is generally referred to as blinking. A localisation algorithm will then

attempt to identify and discard any overlapping molecules and precisely locate all

the single molecules present in the image stack. The result of an SML experiment

is not an image in the traditional sense, but a table of localisations from which a

SR reconstruction can be made. The resolution of a SMLM dataset will depend on

both the labelling density and on the localisation precision that can be achieved for

each molecule (Sebastian van de Linde, Wolter et al., 2010). This precision is pro-

portional to the Signal-to-Noise Ratio (SNR) (Thompson et al., 2002). Therefore,

the number of photons (the signal) that can be captured from a single molecule will

determine the final resolution of a SML experiment. For this reason, PALM cannot

achieve the same resolution as dSTORM since fluorescent proteins are generally

less brighter than organic fluorophores by almost an order of magnitude (Henriques

et al., 2009). dSTORM experiments can routinely achieve resolutions of around 20

to 30nm (Almada et al., 2015) which surpasses either STED or SIM. Because the

main requirements for dSTORM are only a powerful illumination system, a sens-

itive camera and a tailored buffer, it is also the simplest method to implement in

almost any microscope. However, SMLM in general requires tens of thousands

of frames to be acquired therefore it is also traditionally the slowest of the three

techniques (Almada et al., 2015).
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1.3 High-Throughput Single Molecule Localisation

Microscopy

The resolution afforded by SMLM has enabled researchers to make biological

discoveries previously obscured by the diffraction limit of fluorescence microscopy.

For example, some signalling receptors have been found to group into nano-scale

clusters (Lillemeier et al., 2010). SMLM imaging of cellular adhesions has shown

their components are organized in discrete layers at different distances from the

membrane (Kanchanawong et al., 2010; Case et al., 2015; Bertocchi et al., 2017).

The bacterial Ftsz protein was thought to organise as a ring structure, until PALM

data revealed it actually organises as discontinuous filaments (Buss et al., 2013;

Holden, Pengo et al., 2014). High-throughput SMLM imaging can also overcome

some of the limitations from SMLM, namely that structures can be discontinuous

due to the imaging process’ nature. In this work, throughput is defined as the rate

at which a system can acquire data and a high-throughput work-flow as an auto-

mated and significantly fast acquisition of a large number of datasets. For example,

using such a system, Szymborska et al. (2013) averaged many dSTORM data-sets,

enabling them to establish a model of the organization of the nuclear pore complex.

High-throughput SMLM imaging can also enable experiments which are otherwise

too onerous to perform manually. Soares et al. (2013), by using an automated sys-

tem, were able to observe nano-scale reorganisation of cellular receptors due to

vesicle trafficking. However, the slow speed of SMLM acquisitions severely lim-

its its applicability for high-throughput experiments. To overcome this, the overall

throughput of SMLM can be increased in two ways. First, one can decrease the time

required for a single SMLM acquisition. Secondly, one can increase the amount of

data that can be acquired in parallel in a SMLM experiment.

To reduce the total acquisition time, one can decrease the overall number of

frames needed for an SMLM reconstruction. The simplest way to achieve this is to

use analysis algorithms that are capable of localising overlapping molecules with

SR precision. This means highly dense datasets can be acquired, where a single
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frame can have orders of magnitude more single molecules emitting in it. There

have been several new SR algorithms designed to achieve this goal (Dertinger et al.,

2010; Holden, Uphoff et al., 2011; Munck et al., 2012; N. Gustafsson et al., 2016);

However, even if an algorithm can distinguish between two molecules that overlap,

when one molecule overlaps with another, it will increase the background for its

neighbour and vice-versa. This reduces the overall SNR, which explains why most

of these algorithms achieve faster acquisition times but at a trade-off to resolution.

Instead of reducing the number of frames, one can also increase the camera’s

frame-rate and decrease the overall acquisition time proportionally. But different

camera technologies are limited in what frame-rates they can achieve. To acquire

signals from single molecules efficiently, a SMLM microscope needs to have a cam-

era that is sensitive enough to detect low light levels. This is usually achieved by

the use of cameras with Electron-Multiplying Charge-Coupled Device (EM-CCD)

sensors. Charge-Coupled Device sensors consist of an array of pixels that convert

photons to an electric charge through the photo-electric effect (Moomaw, 2013).

These are then converted to a digital signal, one by one, through the read-out stage

of the camera. There is some noise associated with this stage of the process, mean-

ing it adds a small random number of electrons to the output signal. If the light on

the sensor produces less charge than the read-out noise of the camera, then it can’t

be detected (Pawley, 2006). EM-CCD’s can solve this issue by having an electron

multiplication stage added before the read-out stage. The amplification stage con-

sists of a series of steps that amplify the electrons coming from the sensor to levels

that are orders of magnitude larger than the read-out noise, essentially obviating it

(Robbins et al., 2003). As a result, EM-CCD cameras can have single-photon sens-

itivity. The measure of the percentage of light that is captured by the sensor and

converted to electronic charge is called the Quantum Efficiency (QE), and the QE

of common EM-CCD cameras is 90% (Andor Technology Ltd, 2016b; Hamamatsu

Photonics K.K., 2017; Photometrics, 2017), making them one of the most sensitive

detectors available. This is what makes EM-CCD the most common sensor tech-

nology traditionally used in SMLM experiments (Chen et al., 2016). Because the
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electron-multiplying process of an EM-CCD has a fixed uncertainty associated with

it, it reduces the overall SNR of the camera by
√

2. Additionally, because each pixel

has to be read one by one, the larger the number of pixels, the slower the acquisition

speed. Therefore, a camera model with a Field-Of-View (FOV) of 512x512 pixels

can acquire at a maximum of 56 Frames Per Second (FPS) (i.e. 12 min. to collect

a typical sized dataset with 40.000 frames), but a different model with a FOV of

1024x1024 pixels can acquire only at 26 FPS (Andor Technology Ltd, 2016b).

Recently, advances in sensor and manufacturing processes has led to the devel-

opment of a new type of scientific imaging sensors called scientific Complementary

Metal Oxide Semiconductor (sCMOS). These are designed to have a QE of over

82% and very small (∼ 1e−) read-noise (Andor Technology Ltd, 2016a; Hama-

matsu Photonics K.K., 2016), almost matching the specifications of an EM-CCD.

Because they do not have an electron-multiplying stage that can reduce the overall

SNR, sCMOS cameras perform either comparably or better than EM-CCD’s in the

moderate light intensities typical of SMLM experiments (Beier et al., 2014; Fuller-

ton et al., 2012; F. Huang et al., 2013; Z.-L. Huang et al., 2011; Long et al., 2012;

Saurabh et al., 2012). sCMOS sensors also differ from EM-CCD’s in that instead of

all the pixels in the array being read one by one in a single read-stage, each line of

the pixel array is read in parallel instead. This results in higher frame-rates for much

larger acquisitions areas. A typical sCMOS sensor used in SMLM with a QE of 82%

has a FOV of 2048x2048 pixels and a top acquisition speed of 100 FPS (Andor

Technology Ltd, 2016a; Hamamatsu Photonics K.K., 2016). For high-throughput

microscopy, if our sample of interest is fairly evenly spread in the coverslip and it is

significantly smaller than our FOV, then increasing the FOV can increase the overall

throughput. The FOV of an sCMOS can cover up to 16x the FOV that an EM-CCD

can cover. Combined with the fact it is twice as fast as an EM-CCD, this means the

sCMOS sensor can potentially have a throughput increase of 32x, a large boost for

high-throughput microscopy. The one caveat for using sCMOS sensors in SMLM is

that, due to the different read-out stages for each column and due to unevenness in

the manufacturing process, they have a non-uniform noise distribution that needs to
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be accounted for in SR algorithms before performing a localisation analysis. How-

ever, the analytic methods needed to account for this patterning have been solved

for SMLM imaging (F. Huang et al., 2013; Liu et al., 2017).

For dSTORM imaging specifically, a high laser illumination intensity is re-

quired to induce efficient blinking. This is because the rate at which fluorophores

enter the long-lived dark (OFF) states is proportional to the exciting photon density.

Simultaneously, the average time that a fluorophore spends on an emitting (ON)

state is also reduced in high photon density conditions (Sebastian Linde, Löschber-

ger et al., 2011). This is important for high-throughput dSTORM imaging since,

as the camera frame-rate is increased, the average lifetime of the ON state should

reduce accordingly to match the exposure time of a single frame. Otherwise the

probability of imaging overlapping molecules increases. To design a dSTORM

imaging system that fully benefits from sCMOS sensor technology, the illumina-

tion intensity needs to be sufficient to induce blinking across the entire FOV. Since

this means the illumination needs to be spread across a larger FOV than a normal

camera, the intensity rating of the lasers needs to be proportionally higher. Addi-

tionally, the non-uniformity of the illumination needs to be addressed. Most laser

illumination systems for SMLM have a Gaussian illumination profile as they use

critical illumination to maximise laser illumination intensity (Coumans et al., 2012;

Almada et al., 2015). This means the centre of the FOV has a significant larger

illumination intensity when compared to the edges of the FOV. In order to ensure

that illumination intensity is sufficient to induce blinking throughout a large FOV,

the laser illumination can be homogenised and to that end there exist many methods

to homogenise a FOV, each with different advantages and disadvantages (Almada

et al., 2015). Aside from decreasing the acquisition time, one can increase the

throughput by acquiring more data in parallel, as was mentioned for the case of

large FOV’s. When studying a cellular process, several cellular components may

play a role and a different fluorophore species is needed to tag each component of

interest. Typically, SMLM imaging is performed by imaging one colour at a time.

But one may parallelise a high-throughput system by simultaneously imaging more
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than one fluorescent species at a time. This can be achieved by splitting the emis-

sion light between two cameras or to two halves of the same camera sensor. For two

fluorophores that are spectrally distinct, such as Alexa Fluor 488 and Alexa Fluor

647, this means they can be successfully imaged in parallel, reducing the imaging

time in half. While there are methods available to try and distinguish fluorophores

whose spectra overlap (Testa et al., 2010; Winterflood et al., 2015), this is beyond

the scope of this thesis.
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1.4 Sequential Labelling
The above methods focus on how to accelerate a SMLM work-flow to enable

high-throughput SR imaging. One may also consider, however, how to reduce the

need to acquire large amounts of data in the first place. A major limitation of fluor-

escence microscopy is its spectral bandwidth limit. For one species of fluorophore

to be discriminated from another both need to have their emission spectra suffi-

ciently separated, enough to not have the spectra of one fluorophore cross-over into

the range of another fluorophore. Most fluorophores emit light in a broad range of

wavelengths and most microscope objectives only capture a finite range of visible

light wavelengths, referred to as its spectral bandwidth. Taking both of these facts

into account it becomes apparent that, at most, a fluorescence microscope can only

image up to 4 fluorophores (Cox, 2010).

Because of the spectral bandwidth limit, a complex process with many inter-

acting elements needs to be decomposed into smaller pairs of interactions in a fluor-

escence microscopy experiment. This means that in order to investigate a complex

process requires many disconnected data-points that need to be correlated together

with carefully planned controls. Relying on correlations introduces a degree of un-

certainty to the analysis. However, this could be greatly minimised if the spectral

bandwidth limit was overcome and all known relevant partners could be imaged

simultaneously in a single cell.

In order to overcome the spectral bandwidth limit, several researchers have de-

veloped sequential labelling methods. These consist of a work-flow where a sample

is labelled, imaged and then has its labelling removed to allow the process to be

repeated. This can be done by either bleaching the fluorophore and leaving the la-

belling antibody in place (Gerdes et al., 2013; Lin et al., 2015; Schubert et al., 2006),

by eluting the antibody away (Micheva et al., 2007; Murray et al., 2015; Wählby

et al., 2002) or by denaturing the antibodies, allowing them to be washed away (Lin

et al., 2015; Pirici et al., 2009; Wählby et al., 2002). Bleaching, elution and de-

naturing have all been demonstrated with SMLM techniques (Ku et al., 2016; Tam

et al., 2014; Valley et al., 2015; Yi et al., 2016). With adequately fixed samples, the
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sample can be relabelled for new targets and the process can be repeated a number

of times (each step being generally referred to as a round). The process is primar-

ily limited by the steric hindrance generated by accumulated labels (except when

eluting), the stability of the sample throughout the process and the efficiency of the

removal/bleaching of previously visualised labels. In this context, steric hindrance

is the hindering of antibodies binding to antigens due to the proximity of other an-

tibodies. Despite the possibility of steric hindrance and to disturb the sample, it has

been shown that both cells and tissue slices can be sequentially labelled by chemical

bleaching and maintain structural integrity over several rounds. Gerdes et al. (2013)

studied up to 61 proteins in human colorectal cancer samples using this method.

This allowed them to measure the degree of tumour heterogeneity, as well as reveal

potential action mechanisms for the immuno-suppressant rapamycin. Schubert et al.

(2006) labelled up to 90 proteins in human biopsies from patients and discovered

putative rules for how protein networks organise as hierarchies. Furthermore, they

identify there are disease specific network patterns for psoriasis, demonstrating the

power of this approach to study human disease mechanisms.

Since the early days of immuno-staining, there are have been many published

attempts at establishing sequential labelling protocols even before the use of fluores-

cent dyes became widespread. This was due to a lack of diversity of animal species

from which antibodies could be reared (limiting multiplexing) and a lack of easily

distinguishable fluorescent or coloured dyes (dyes which cause a specific colour to

appear under transmitted light). Chromogenic dyes are, usually, enzymes which

deposit coloured products in specific locations. Since these products are separate

from the antibody used to label a sample, Nakane (1968) used a sequence of buf-

fer solutions with high and low pH levels (ph 9 and 2) to elute antibodies from a

chromogenically labelled sample while leaving the chromogenic dyes intact for a

sequential triple labelling (Nakane, 1968). In 1975, Vandesande and Dierickx used

a combination of a glycine buffer and dimethylformamide for a sequential double

labelling (Vandesande et al., 1975) and in 1976 they added an electrophoresis step

in the same buffer to achieve a more complete elution of high affinity antibodies
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(Vandesande et al., 1976). Also in 1976, Erlandsen et al. used only a low pH solu-

tion to elute antibodies (Erlandsen et al., 1976) and in 1978, Tramu et al. used a

high pH solution instead (Tramu et al., 1978). In 1986 Kolodziejczyk and Baerts-

chi prove antibodies can be denatured using only heat (Kolodziejczyk et al., 1986),

enabling triple labelling using antibodies raised only in rats. In 1993 Lewis Carl et

al. demonstrate that by using antibody fragments to block sites where secondary

antibodies might bind to, they can achieve dual labelling using only mouse mono-

clonal primary antibodies (Lewis Carl et al., 1993). More recently, Micheva et al.

(2007) used the same method Tramu et al. established in 1978 to label up to 60

proteins in brain slices. These elution methods were established at a time when

chromogenic dyes were favoured for immuno-histochemistry, but the use of fluor-

escent antibodies has opened the possibility to simply bleach a fluorophore away

to perform sequential labelling. By using a microscope’s illumination, Schubert et.

al use a high-throughput system to image and bleach fluorophores between rounds,

enabling up to 90 different proteins to be imaged (Schubert et al., 2006).

After SMLM was developed, dSTORM imaging is usually performed using

only a single fluorophore, Alexa Fluor 647, because of it’s brightness and amenable

blinking characteristics (Dempsey et al., 2011). Other fluorophores have been tested

for Super-Resolution SMLM imaging (Dempsey et al., 2011) but fail to achieve the

same resolution that can be obtained with Alexa Fluor 647. This makes multi-

colour SMLM difficult as one of the colours will be inherently lower resolution. To

be able to use only Alexa Fluor 647 for imaging different targets, bleaching-based

sequential labelling has been demonstrated for dSTORM imaging. Tam et al. (2014)

imaged up to 4 proteins using when performing secondary labelling and Valley et al.

(2015) was able to image 5 proteins using primarily labelled antibodies.
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1.5 Fluidics for High-throughput Microscopy
Sequential labelling, then, is an attractive technique for high-throughput Super-

Resolution Single Molecule imaging. But it is not without its drawbacks. If one

were to perform a sequential labelling protocol manually, it would involve the fol-

lowing steps in between imaging sessions:

1. Remove the sample from the stage

2. Remove the prior label from the sample

3. Stain the sample for a new target

4. Replace the sample on the microscope

5. Find the previous regions of interest

6. Image the sample

If one were to simply perform the label removal and staining steps while the sample

is still on the microscope, steps 1, 4 and 5 could be bypassed. These are manual

steps which would otherwise prevent one from fully automating the protocol. For a

high-throughput application of sequential-labelling, where the goal is to achieve the

labelling of a large number of epitopes (ex. 25 to 100), it becomes ideal to perform

the protocol automatically and in-situ. In general, immuno-labelling protocols can

be summarised as a series of liquid exchange steps. Therefore, one must find a way

to both remove and deliver liquids to a sample while it is on the microscope stage

and one way to achieve this is through the use of fluidic technology (El-Ali et al.,

2006; Sackmann et al., 2014; Duncombe et al., 2015).

Microfluidics are a large and varied set of technologies designed for fluid ma-

nipulation at the micro- and nano-litre scale (Duncombe et al., 2015; Sackmann et

al., 2014). Fluid flow can be described using the Reynols number (equation (1.2)):

Re =
ρνDh

µ
(1.2)
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Where ρ is the fluid density, ν is the characteristic velocity of the fluid, Dh

is the hydraulic diameter and µ is the fluid viscosity. When the Reynolds num-

ber is low (i.e. < 2300), the fluid flow is considered to be laminar, meaning there

is essentially no turbidity. At the small scales of microfluidics devices, the fluid

flow is largely laminar, making it highly predictable. Among other things, this

enables laminar flows to be created (Beebe et al., 2002) which allow the manipula-

tion of single cells (Reece et al., 2016), to control environmental properties such as

shear flow stress (Polacheck et al., 2013) or create controlled concentration gradi-

ents (Duncombe et al., 2015). These techniques require closed systems where li-

quids can be exchanged and pressure can be applied in a controlled manner. The

most common method to achieve this is through the use of Polydimethylsiloxane

(PDMS) devices (Bhatia et al., 2014; Sackmann et al., 2014; Duncombe et al.,

2015). PDMS is an elastomer that, using a chemical cross-linker, can be polymer-

ised into an optically clear polymer. It has many attractive advantages:

• Gas- and vapour-permeable

• Same refractive index as glass

• Bio-compatible

• Tuneable elastic properties

• Can be covalently bonded to glass

For these reasons, it is the most popular material to build microfluidic devices with

(Beebe et al., 2002; Sackmann et al., 2014; Duncombe et al., 2015; Reece et al.,

2016).

Devices can be made with features as small as a couple of micrometres by

pouring PDMS on a mould and allowing it to polymerise (figure 1.3 A,B). The

mould’s features are first designed on a computer and it is then fabricated using

photo lithography techniques which were first developed for computer chip design

(Bhatia et al., 2014; Sackmann et al., 2014). These features can, for example, be

channels where cells are cultured and manipulated. For microscopy applications,
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Figure 1.3: Steps required to make a PDMS microfluidic device. A - A mould (in blackk) is
first placed in a container such as a 90mm diameter petri dish (in white); B - The PDMS
is mixed with the curing agent and poured on the mould; C - After allowing the PDMS
to cure, it can be cut (as shown by the dotted lines) and D - removed from the mould; E -
Once removed, a few holes can be bored through the device to create inlets and outlets; F
- Finally, the device can be plasma treated so it is covalently bonded to glass.

the device is removed from the mould (figure 1.3 C,D) and a few inlets are bored

through the device (figure 1.3 E). The PDMS can then be activated through plasma

treatment, allowing it to covalently bind to a coverslip surface (figure 1.3 F). Thus

a self-contained device is made, with inlets and outlets for fluid exchange and a

glass-bottom coverslip for microscopy imaging. Once the device has been made,

the inlets and outlets can be fitted with adapters to accept tubing. Using syringes,

liquid can then be removed or added to the microfluidic chamber, enabling us to

perform complex staining and sequential labelling protocols in-situ.
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1.6 Thesis Scope
The object of this thesis is to tie all three proposed methodologies (high-

throughput super-resolution microscope design, sequential labelling and fluidics)

into a single, unified framework for high-throughput super-resolution microscopy.

Chapter 2 will show the design and implementation steps for a custom large

field-of-view super-resolution microscope, encompassing both the illumination and

detection stages of the microscope. A large FOV illumination scheme is implemen-

ted to leverage the large FOV of an sCMOS camera. We also implement a custom

drift-correction procedure to both reduce the amount of steps required in analysis

as well as to enable consistent positioning through different rounds of sequential

labelling.

Chapter 3 describes a fluidics framework (NanoJ-Optofluidics) for microscope

in-situ fluidic manipulation of cells. A simple but highly multiplexed computer

controlled pump array for liquid handling is demonstrated. To fully automate the

hardware array, a complete software framework is shown that can be synchronised

with the microscope acquisition software, enabling complete automation of the se-

quential labelling and acquisition process.

Chapter 4 will present a comparison of different sequential labelling techniques

as applied to super-resolution microscopy. It will also demonstrate the application

of the NanoJ-Optofluidics framework described in Chapter 3 for online fixation,

sequential labelling and super-resolution imaging. Using NanoJ-Optofluidics for

in-situ fixation and labelling, the system was able to show a link between mitotic

adhesion of migratory cells and interphase focal adhesions. The combination of

fixation, super-resolution imaging and sequential labelling is also used to investigate

immune cell migration.
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Chapter 2

High-Throughput Single Molecule

Super-Resolution Microscope

2.1 Introduction
System development was focused towards dSTORM imaging for two reasons:

First, the only two requirements for dSTORM imaging are sufficient illumination

intensity (the optical power per unit area) and sufficiently sensitive sensors; and

secondly, dSTORM has the potential to achieve the highest resolution possible.

However, large FOV dSTORM imaging becomes complicated by the need to ensure

sufficient illumination intensity throughout the FOV to induce blinking.

2.1.1 Illumination Intensity

A fluorophore’s ON time will decrease proportionally with the laser illumina-

tion intensity (Linde et al., 2011). For fast frame-rate cameras, the ON time should

match the camera exposure time. Given that there are large variations on the for-

mulation of dSTORM buffers, many prior studies on the impact of blinking charac-

teristics of fluorophores in dSTORM imaging have largely been qualitative. Linde

et al. (2011) made a comprehensive list of references comparing dyes, buffers and

imaging conditions and the majority of cited studies have imaged dyes at a illu-

mination intensity of ≈1 kWcm−2 to 2 kWcm−2. One of the first published fast

EM-CCD dSTORM imaging results with Alexa Fluor 647, Wolter et al. (2010)

used from ≈35 kWcm−2 to 50 kWcm−2 to image at 1000 FPS. It should be noted
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that this is 10-50 fold greater than the intensities generally used for dSTORM and

106 to 109 fold greater than conventional imaging (Gustafsson et al., 2016). In an-

other dSTORM experiment imaging Alexa Fluor 647, this time with a fast sCMOS

camera rather than an EMCCD, F. Huang et al. (2013) used≈18 kWcm−2 to image

at 1600 FPS. More recently, Lin et al. (2015) have undertaken a methodical com-

parison of the impact of different camera speeds and illumination densities on the

resolution of dSTORM imaging of Alexa Fluor 647. They compared camera speeds

ranging from 50 to 1600 FPS and illumination densities ranging from ≈1 kWcm−2

to 97 kWcm−2 on a FOV of 6.4x6.4µm2. They observed that increasing the ima-

ging speed had only a negligible impact on the resolution obtained as long as it was

accompanied by a proportional increase in illumination density. This demonstrates

that there is an ideal illumination density for each camera speed. However, when

imaging at 1600 FPS, there was no illumination intensity high enough to replicate

the resolutions achievable at slower imaging rates, indicating there is an upper limit

to how fast imaging can be performed (Lin et al., 2015). This limit is most likely the

life-time of the excited state of a fluorescent molecule, given that this will reduce

the number of photons that can be emitted in a given period of time.

While imaging at such high speeds will reduce the overall acquisition time, for

high-throughput imaging with sCMOS cameras, there is another factor to consider:

the large FOV can also increase the overall throughput. As has been argued (Almada

et al., 2015), if a coverslip is uniformly covered with cells, the parallel acquisition

of different cells offsets any benefit from acquiring a single FOV very fast. For a

high-throughput SMLM system with an sCMOS camera it becomes apparent that

the laser illumination intensity should ideally match the full FOV acquisition rate.

2.1.2 Large FOV Homogeneity

Aside from illumination density, the homogeneity of the FOV also needs to

be considered. As mentioned in section 1.3, traditional laser illumination schemes

have a non-uniform illumination pattern that results in the centre of the FOV being

brighter than its edges. This is because the intensity distribution profile of a laser

beam and the single-mode optical fibres typically used in laser illumination sys-
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tems approximates a Gaussian distribution (Pawley, 2006). To correct for this, there

are several options to achieve a uniform illumination throughout the FOV (Almada

et al., 2015). For fast (>50 FPS) dSTORM imaging, optical efficiency needs to be

maximised to achieve the highest possible resolution (F. Huang et al., 2013; Linde et

al., 2011). One cost effective option for delivery of homogeneous illumination with

minimal power loss is a vibrated multi-mode fibre system. The homogenisation res-

ults from the fact that the output of a multi-mode fibre is a semi-random pattern that

is mechanically sensitive and if the fibre is agitated in any way, the output pattern

is altered. By vibrating the fibre at a frequency that is significantly higher than the

acquisition exposure time, all of the different resulting patterns blur together into a

homogenous pattern (Inoué et al., 1997; Fujimaki et al., 2014; Zhao et al., 2017).

Multi-mode fibres have large illumination transmission efficiency (~90%) and are

significantly easier to align when compared to single-mode fibres. Fibre based il-

lumination systems also have the potential to be more stable as any alignment drift

of parts of the laser launch should result in a reduction of illumination intensity and

not misalignment of the illumination itself. For the above reasons, the illumination

system was designed around a vibrated multi-mode fibre.

2.1.3 Total Internal Reflection Fluorescence Microscopy

One important consideration for dSTORM imaging is the choice of whether

or not to implement Total Internal Reflection Fluorescence (TIRF) illumination.

TIRF illumination allows for high SNR imaging of structures near the coverslip.

As the resolution achievable in SMLM is dependent upon the SNR, using TIRF is

highly beneficial for SMLM systems (Thompson et al., 2002). Most modern TIRF

microscopes are based on focusing laser light on the microscope objective’s Back

Focal Plane (BFP) (Mattheyses et al., 2010). Any translation of the focal spot on the

BFP will result in a change of the angle of the beam exiting through the front of the

objective (figure 2.1). When focusing a beam on the centre of the BFP, the beam will

be going straight through the sample, at 90°to the coverslip surface (figure 2.1 A,B).

As the beam is translated towards the edge of the BFP, the angle at which the beam

exits from the objective will change (figure 2.1C and D). If the beam reaches an
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Figure 2.1: Focusing a laser spot in different regions of the BFP results in different angles
of incidence of the laser beam out of the objective. A, C, E and G show illustrations of
the BFP and the critical region is denoted by a yellow ring. The red cross shows where
the laser is focused and the resulting illumination is shown in B, D, F and H respectively.
Light blue elements correspond to the immersion oil, dark blue corresponds to any glass
element and the laser beam is shown in red.

interface between two media of different refractive index (i.e. the interface between

the coverslip glass and the water of the cell media) at a critical angle or lower, it will

get reflected (figure 2.1 G,H). However, when light hits the interface at precisely the

critical angle, an evanescent field is generated that illuminates only a small depth

of the sample (< 100nm; figure 2.1 E,F). Thus, to achieve TIRF one needs to be

able to translate a laser beam along the BFP of the objective. The size of the region

on the BFP where critical angle illumination is achieved will be a function of the

Numerical Aperture (NA), the Refractive Index (RI) of the objective immersion and

the RI of the sample’s media. For these reasons, TIRF is generally achieved with

very high NA (>1.4) oil objectives imaging samples immersed in water. Since most
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dSTORM buffers are water based, TIRF is compatible with SMLM. A vibrated

multi-mode fibre system is also compatible with TIRF depending on the size of the

focused spot on the BFP (Pawley, 2006).

2.1.4 Dual Camera Imaging

If an underlying principle of accelerating SMLM is to parallelise acquisition,

then doubling the number of cameras used for imaging is inherently beneficial.

Dual-camera imaging can enhance an SMLM experiment in two ways. First, the

light can be split to each camera according to wavelength by using a dichroic mir-

ror. This would enable simultaneous dual-colour imaging which would double the

throughput for a two-colour experiment. Secondly, Juette et al. (2008) demonstrate

the biplane method, where two cameras can be used to determine the axial position

of the fluorophore with super-resolution accuracy. In the biplane method, light is

split 50/50 between each camera, but each is slightly defocused on opposite direc-

tions. The Point Spread Function (PSF) (the description of how light from a single

point is captured by an optical system) will change shape as it is slightly defocused,

and by fitting the shape observed in both cameras to the PSF, the axial position of the

fluorophore can be determined precisely. More recently, Winterflood et al. (2015)

combined dual-colour imaging with biplane imaging by both using a dichroic mir-

ror to split the light by emission wavelength while simultaneously defocusing each

camera. In this way, dual camera imaging can simultaneously provide 3D super-

resolution information while still doubling the throughput.

There are two main methods to split the light between two cameras without

affecting image quality. The simplest method is to split the light in the so-called in-

finity path. Most modern objectives for fluorescence microscopy use infinity optics

(Cox, 2010). The light rays coming from the back of the objective are in fact paral-

lel to each other as if they were focused to infinity. These objectives need a paired

tube lens that will focus this light into a magnified image. The distance between

the BFP and the tube lens is called the infinity space, or infinity path. The primary

advantage of using infinity-corrected optics is that placing dichroic mirrors, either

to inject illumination light or to split the emission light will not introduce any chro-
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matic aberrations resulting from having a tilted piece of glass on the light path. The

length of the infinity space, L∞, should be kept less than the length obtained from

equation (2.1) or the FOV will be reduced (Applied Scientific Instrumentation, n.d.).

L∞ ≤ (Dt−Do)∗
Ft

Ds
(2.1)

Where, Dt is the diameter of the tube lens, Do is the diameter of the objective pupil,

Ft is the focal length of the tube lens and Ds the diagonal length of the sensor.

Depending on the choice of objective, tube lens and camera sensor, L∞ may not

be sufficiently large to place many optical elements such as dichroic mirrors. If

more optical elements are required than L∞ allows, an optical relay can be used. An

optical relay uses two lenses to relay the image plane that is made after the tube lens

to another location. In between these two lenses a second L∞ is created which allows

for more optical elements to be placed in the emission path (figure 2.11). Optical

relays are also called 4F systems given that it will have a path length of 4 focal

lengths, 2 for each lens. This method has been used in the original biplane imaging

paper (Juette et al., 2008), as well as in Winterflood et al. (2015) to assemble a

SMLM microscope that splits the emission light for both multicolour and biplane

imaging.

2.1.5 Drift Correction

A SMLM acquisition requires tens of thousands of frames to be acquired for

a satisfactory reconstruction. It is paramount that the sample remains static for the

duration of the acquisition. However, most samples will drift in some form during

acquisition and this drift can occur in both the axial and lateral dimensions. Axial

drift is the most destructive since, if the sample goes out of focus, it will simply

no longer be imaged. However, lateral drift can be corrected for a posteriori if the

sample remains in focus, meaning it will not prevent image acquisition like axial

drift. Given this, most SMLM experiments rely on some method to correct for axial

drift, but not lateral drift, during acquisition. Hardware based axial drift correction

has largely been accomplished by an active feedback loop created by shinning an
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Infra-Red (IR) laser on the sample, measuring any shifts in the reflected signal and

adjusting the stage position (Winterflood et al., 2015; Linde et al., 2011; B. Huang

et al., 2008). All major microscope manufacturers sell these systems as microscope

additions (Applied Scientific Instrumentation, 2017a; Nikon, 2017b; Leica, 2015;

Zeiss, 2017; Olympus, 2017).

To correct for lateral drift, either fiducial markers (such as fluorescent beads)

(Rust et al., 2006) or cross-correlation can be used to correct for drift a posteriori

(Wang et al., 2014; Mlodzianoski et al., 2011; Bates et al., 2007).

Fiducial markers for SMLM are non-blinking reference markers whose posi-

tion can be tracked through the acquired image stack, providing a direct measure-

ment of lateral drift. This measured drift can then be subtracted from the localisa-

tions table, thereby correcting for lateral drift. Fiducial marker correction provides

the most direct measurement of drift but requires at least one fiducial to be present in

the FOV through the entire acquisition which is not always guaranteed. Increasing

the number of fiducial markers can ensure sufficient markers are present but their

brightness can also obscure the object of interest.

Cross-correlation, or the dot-product function, does not require any markers to

be present however. It is a function used to measure similarity between two signals.

For two dimensional signals, or images, the normalised cross-correlation is defined

as (Lewis, 1995)

CCM(∆x,∆y) =
∑x,y( f (x,y)− f x,y)(g(x−∆x,y−∆y)−gx,y)√

∑x,y( f (x,y)− f x,y)
2 ∑x,y(g(x−∆x,y−∆y)−gx,y)

2
(2.2)

Where f (x,y) and g(x,y) are the two images being correlated, f x,y and gx,y are their

respective mean values and ∆x and ∆y correspond to a pixel-wise translation of the

image. The final result is a 2D map, the Cross Correlation Map (CCM), that cor-

responds to the cross-correlation signal (see figure 2.16 for examples). The value

of the normalised cross correlation reflects the degree of similarity between the two

images, where a value of 1 indicates that the images are perfectly identical. The po-

sition of the highest value in the cross correlation map can as such be used to infer
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which shift of ∆x and ∆y (i.e which drift compensation shift) resulted in maximal

similarity between the two images. If one image is shifted laterally in relation to the

other, the peak will be shifted laterally in the map by the same amount. So, if the

sample has drifted by one pixel in either direction, the peak will shift by one pixel

in that direction. Lateral drift correction in SMLM is achieved by cross-correlating

each frame to the next to estimate the overall lateral drift (Wang et al., 2014). By

tracking the lateral displacement of the peak in the resulting CCM stack, the total

lateral drift can be estimated and the localisations corrected. The sparse nature of

these images can make it hard to correlate one frame to the next, so the stack can

be binned into chunks (i.e. projections of 1000 frames) to improve the correla-

tion (Mlodzianoski et al., 2011). However, when comparing with tracking fiducial

markers, precision can still suffer when there is dissimilarity between chunks.

The cross-correlation map can also give an estimate of the axial drift. The

lower the intensity of the peak, the lower the similarity between two images. If a

sample is going out of focus, this will result in lower cross correlation. This has been

exploited by McGorty et al. (2013) to perform drift correction during acquisition of

all three dimensions (3D). They use a separate IR illumination and camera path

to measure the cross-correlation of the sample over time versus a static reference

(figure 2.2). The static reference is an image stack acquired by taking an image of

the sample when it is in focus and when it is moved by 750 nm above and below the

focus. During the SMLM acquisition, new IR images are acquired simultaneously

and compared with the three reference images. Cross-correlation with the in focus

image will yield the lateral drift. If the sample has moved up, the above focus

reference will generate a higher cross-correlation signal than the bottom reference

and vice-versa. By calibrating with the known axial displacement of the reference

images, the axial drift can be determined accurately. This algorithm, here termed as

Cross Correlation by Static Reference (CCSR) drift correction, is particularly useful

for high-throughput SMLM as it removes the need to add fiducial markers during

sample preparation as well as the need to correct for lateral drift a posteriori.
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Figure 2.2: Diagram of the Cross-Correlation Drift correction by Static Reference al-
gorithm. A stack of 3 images is acquired at the beginning of the procedure to be used
as a reference. At regular time intervals a frame is acquired and the drift is estimated
by cross-correlating the new frame with the three images on the reference stack. The
stage is then offset by the amount of estimated drift. Solid lines - frame acquired; Dashed
lines - stage position; Blue lines - measured drift; Red line - actual drift present in the
microscope.

2.1.6 Chapter Scope

The above mentioned features correspond to the major desirable characterist-

ics of a high-throughput SMLM system: large-FOV imaging with homogeneous

illumination; high illumination intensity for high-speed imaging; dual camera ac-

quisition; TIRF illumination; and 3D real time drift-stabilisation. The remainder of

this chapter will describe the design and implementation of a system implementing

all of the above features along with early imaging results. The microscope system

will be referred to here as the Alpha.



2.2. Results 55

2.2 Results

2.2.1 Microscope Design

2.2.1.1 Microscope Parts and Assembly

The microscope stand of the Alpha needs to be able to accommodate a high-

intensity TIRF illuminator and a dual camera emission path. Applied Scientific In-

strumentation (ASI) manufacture a highly modular system geared towards custom

solutions. This frame was chosen since the modularity imposed less restrictions

on the optical path when compared to other commercial microscope frames. The

modularity also allows for more cameras to be added in the future. This microscope

system is based on the Modular Infinity Microscope (MIM) (Applied Scientific In-

strumentation, 2017b). It consists of a bare-bone set of parts that include object-

ive threads, objective translator for focusing, cube-mounts for dichroic mirrors and

tube lenses. MIM microscopes can be assembled in ASI Rapid Automated Modular

Microscope (RAMM) (Applied Scientific Instrumentation, 2017c) stands. These

consist of a simple microscope frame where automated or manual stages can be

mounted as well as a MIM create a fully functioning microscope system. ASI also

provide a hardware axial drift correction option (Applied Scientific Instrumentation,

2017a) that is easily adapted to MIM systems.

The MIM system was configured and assembled as shown in figure 2.3. The

objective is mounted on a motorised linear stage (ASI, LS-150) which allows the

objective’s focus to be adjusted in relation to the sample mount on the RAMM (not

shown in figure 2.3). Fixed to the stage (not translated with the objective) are two

dichroic cube holders: immediately below the objective is an 800nm long pass di-

chroic for the drift correction system and below it is a quad dichroic to allow the

TIRF illuminator to focus on the BFP of the objective. The fluorescence emission

passes through both dichroics and will exit through the bottom of the TIRF illumin-

ation dichroic cube. A thread was machined on the bottom of this cube to allow

an achromatic Nikon 200mm tube lens (Thorlabs, ITL200) to be threaded in. A 2

inch elliptical mirror, mounted at 45° on the optical table, takes the fluorescence
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Figure 2.3: Illustrative diagram of the Modular Infinity Microscope. Shown are the mo-
torised stage on the right-hand side which translates the objective for focusing. The two
cubes correspond to the dichroic for the drift correction system (above) and for TIRF il-
lumination (below). The infinity space corresponds to the length between the lens’s back
focal plane and the plane of the tube lens. The microscope is positioned vertically and
the emission light is reflected at 45°to make it parallel to the table plane by a 2” elliptical
mirror (below).
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Figure 2.4: Photograph of the microscope stand, TIRF illuminator and incubator. The
MIM microscope is mounted behind the TIRF illuminator. MS - microscope stand; IE
- incubator enclosure; S - XY motorised stage; PS - 3D piezo stage; IS - illumination
system described in figure 2.6; CH - ceramic heater.

emission and makes it parallel to the optical table. In this way, the fluorescence

emission is steered towards the emission path (see section 2.2.1.4). The entire MIM

assembly is mounted in an ASI RAMM stage (figure 2.4). The sample holder is

mounted on an automated XY stage (ASI, MS2000) with a secondary small travel

range (300µm) piezo 3D stage (PiezoConcept, BIO-3). The entire microscope is

enclosed by an incubation enclosure and ceramic heaters (enclosure and heaters

provided by Digital Pixel) which allow for vibration free temperature control for

live imaging experiments.

2.2.1.2 High-density TIRF Illuminator

In order to benefit from TIRF imaging, the microscope was designed around a

single Nikon Apo TIRF 1.49 60x objective and system illumination was designed

with the ability to perform TIRF in mind. Given the dependence of high-speed

dSTORM imaging on illumination intensity, the illumination system was designed

to maximise this. Four lasers (table 2.1) were installed on an optical table separate

from the table where the RAMM and the emission path are mounted. This is to
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prevent any vibrations from the lasers cooling fans to be transmitted to the Alpha.

Manufacturer Model Wavelength (nm) Power (mW)
Coherent OBIS 405 50
Coherent GENESIS 488 1000
Coherent GENESIS 561 500
Toptica iBeam 640 150

Table 2.1: Laser lines presently installed on the microscope.

This optical table contains all the optical elements required to combine the

4 laser lines into one beam, modulate it with an AOTF and couple the beam to

an optical fibre (figure 2.5). Each laser was installed on a custom machined alu-

minium mount which allowed all four laser units to emit light at the same height,

facilitating alignment. In front of each laser is a lens system designed to adjust the

laser divergence. These consist of a pair of two 30mm lenses (Thorlabs, LA1805-

A) assembled on a cage system, one of which is mounted on a translating mount.

Both lenses are two focal lengths away from each other, which should result in no

change to laser beams divergence. But by moving one of the lenses backward or

forward, the laser beam can be made to diverge or converge slightly. This allows

to adjust for any chromatic aberrations on the lens focusing on the optical fibre,

thereby maximising transmission for each laser line. Preceding this lens system

there are two mirrors to make the laser beam coaxial with the centre of both lenses.

After the collimation adjusters, the lasers are combined by a sequence of dichroic

mirrors (Chroma, ZT568rdc, ZT491rdc, ZT442rdc) which are then guided through

an AOTF (AA Optoelectronics, AOTFnC-400.650). The AOTF performs intensity

modulation and shuttering of all 4 lasers by acoustically modulating a birefringent

crystal (Pawley, 2006). Light is normally refracted when going through the AOTF

crystal but its direction can be changed by a fixed amount when specific acoustic

frequencies are applied to it. When light is meant to illuminate the sample, the

lasers are steered into a fibre coupler (Thorlabs, KT110/M). Light that is not being

steered into the fibre coupler is directed to a beam dump instead (Thorlabs, LB1/M).

Before both the AOTF and the fibre coupler there is a set of two mirrors assembled

in adjustable tip/tilt mounts (Thorlabs, POLARIS-K1). This allows the alignment
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to be corrected for each element.

The output end of the optical fibre is installed on a TIRF illumination sys-

tem (figure 2.6A). This consists of a cage system which collimates the beam and

then focuses it on the BFP. In order to retain achromatic illumination and thereby

preventing different TIRF profiles for each laser line, the TIRF illuminator was de-

signed to be achromatic. The output of the fibre is collimated by a 30mm achromatic

lens (Thorlabs, ACA254-030-A). The collimated beam is slightly eccentric with re-

gards to the central axis of the cage system. Laser light that is focused by a lens will

have less chromatic aberrations when the beams hits the lens on its centre and per-

pendicularly to the lens’s plane (Cox, 2010). Two corner mirrors (figure 2.6 A) are

used to adjust and make the beam axially aligned with the cage system. The beam

is then focused by a 200mm lens (Thorlabs, LA1708-A) onto the BFP. Because the

beam is made to enter the 200mm lens straight through its centre, the focused spot

will have ideal achromaticity for that lens. Additionally, the whole illuminator is

mounted on a 3D translation and 2 axis rotation stage (figure 2.6 B). This stage

allows the beam’s angle and position on the BFP to be adjusted for alignment. It

is by moving this stage that TIRF can be achieved, as the focal spot needs only to

be translated laterally on the BFP. The stage itself is mounted on a lab-jack to en-

able fast switching between widefield and TIRF modes. To demonstrate the ability

to perform TIRF, HeLa cells were immuno-labelled for Vimentin with Alexa Fluor

647 and imaged in both widefield and TIRF modes (figure 2.7). The TIRF effect can

be observed by the significant reduction in background signal in the TIRF image.

2.2.1.3 Large FOV Illumination

There is, however, a loss of laser illumination intensity associated with each

optical element. Table 2.2 shows measured illumination intensity losses for some

of the major components. As can be observed, the multi mode fibre results in lower

laser illumination intensity loss than other components of the illumination system.

For comparison, a single mode fibre was also installed and yielded losses ranging

from 40% to 80%, depending on the laser line, as is consistent with the literature

(Pawley, 2006). The disadvantage of using a multimode fibre as a microscope il-
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Figure 2.5: Illustrative diagram of the Laser combiner. 405, 488, 561, 640 - lasers identified
by their respective emission wavelengths; M - mirror; CA - collimation adjuster; DCR -
dichroic mirror; AO - AOTF; BD - beam dump; FC - fibre coupler; OF - optical fibre.
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Figure 2.6: Illustrative diagram of the TIRF illuminator. A - TIRF illuminator. The illu-
minator is designed to focus laser light achromatically at the back focal plane of the TIRF
objective (figure 2.3). It consists of a cage system that contains the optics necessary to
collimate the laser coming from an optical fibre and adjust so it is centred on the focusing
lens. It is mounted on a 3D translator and vertical and horizontal rotation stages. OF -
optical fibre; CL - collimating lens; AM - adjustment mirror; Q - quarter wave plate; FL -
focusing lens; VR - vertical rotation stage; HG - horizontal goniometer/rotation stage. B
- Illustrative diagram of the translation stage for position adjustment of the TIRF illumin-
ator. The stage itself is mounted on a lab jack (TJ) which allows for fast adjustment of
the TIRF angle. M - mounting point where VR is mounted; X - X axis adjustment stage;
Y - Y axis adjustment stage; Z - Z axis adjustment stage; TJ - TIRF adjustment jack.

A B

Figure 2.7: Demonstration of TIRF imaging on the Alpha. HeLa cells immuno-labelled for
vimentin with Alexa Fluor 647 being imaged in widefield mode (A) and TIRF mode (B).
Scale bar - 5µm.
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Laser line Rated power Dichroic loss AOTF loss MM loss Recovered
640 150 14.57% 16.28% 7.5% 99
561 1000 22.49% 3.28% 4.5% 716
488 500 17.50% 7.58% 5.1% 362
405 50 18.87% 23.26% 18.3% 24.4

Table 2.2: Measurements of laser illumination intensity loss and total recovered illumin-
ation intensity for each laser line. Laser light was measured before and after
each element to estimate individual illumination intensity loss. Recovered laser
illumination intensity was measured at the objective focal plane. Rated and re-
covered laser illumination intensity given in mW. MM - Multi Mode fibre;

lumination source is that it creates a non-homogenous pattern on the FOV. This

pattern is highly sensitive to any mechanical perturbation of the optical fibre. To

demonstrate this, HeLa cells were methanol fixed, immuno-labelled for microtu-

bules using Alexa Fluor 647 and imaged. In order to qualitatively demonstrate the

mechanical sensitivity of the pattern, a sequence of 500 frames was acquired while

agitating the fibre manually. The pattern is largely too subtle to identify on a static

frame, even when compared with a maximum projection of all 500 frames (fig-

ure 2.8A and B). However, by dividing the pixel values of different frames with the

values in the average projection, the underlying difference in the patterning for each

frame can be observed (figure 2.8C).

While the patterning may seem negligible on static frames, it becomes immedi-

ately apparent in any time-lapse or z-stack acquisitions. It could also be problematic

for single-molecule super-resolution imaging as the resolution is dependent in illu-

mination intensity and this pattern could result in images with different resolutions

in different parts of the image. The fibre can be vibrated at high frequencies in order

to blur the patterns into an homogenous field of view (Inoué et al., 1997; Fujimaki

et al., 2014). To achieve this, two sets of four ≈ 283Hz vibration motors (Precision

MicroDrives, 312-401) were attached to loops of the multi-mode fibre. An Ardu-

ino open-source electronic controller (Arduino, 2017) was configured to control the

motors. The motors are activated in a staggered sequence (figure 2.9). The Arduino

was also configured to act as a micro-manager shutter, making sure the motors are

only turned on when an acquisition is ongoing. Both of these features (staggered ac-
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A B

C

Figure 2.8: Demonstration of the effect of the multi-mode fibre patterning on the illumina-
tion. A - single frame; B - average projection of the 500 different frames when agitating
the fibre manually; C - sequence of 6 frames whose values were divided against the av-
erage projection in B. White arrows show areas where intensity is changing over time.
Scale bars - 10µm.

Motor 1A Motor 2A Motor 3A Motor 4A

Motor 1B Motor 2B Motor 3B Motor 4B Motor 1B

Time

Figure 2.9: Time sequence for the two sets (A and B) of vibration motors. Two motors are
turned on at any given time. Halfway through the vibration cycle of one motor set, the
other motor set will progress in its sequence.

tivation and Arduino shuttering) ensure that the motors are not turned on for longer

than their rated capabilities, thereby preventing damage.

The homogeneity that is achieved is demonstrated in figure 2.10. An homo-

genous plastic slide (Chroma) was imaged with 10 ms exposure time using either

a single mode or a vibrated multi-mode fibre. Figure 2.10A demonstrates the non-

homogeneity associated with the single mode fibre when illuminating a 512x512

(55x55µm2) FOV. There is an almost 50% drop in illumination intensity from centre

to edge, whereas the multi-mode fibre (figure 2.10B) results in a maximum of a 18%
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Figure 2.10: Normalised intensity plots for a 512x512 pixel FOV (55x55µm2) using a
single mode (A) or a vibrated multi-mode (B) fibre. Plots are overlaid over a representat-
ive image of the FOV. Red lines - Line along which the intensity values were measured;
Y axis corresponds to the normalised intensity values; X axis corresponds to the pixel
position in microns.

drop in illumination intensity for the same covered area. Additionally, the pattern-

ing is no longer visible.

Having established the homogeneity of the FOV, the question becomes: what is

the achievable illumination intensity for high speed SMLM imaging? The cameras

used with the Alpha (see next section) have a 2048x2048 pixel sensor which can

be cropped to cover smaller areas and the laser illumination can be made to cover

circular areas of different size (depending on the focal length of the collimating lens

in figure 2.6A). Table 2.3 estimates the 640nm illumination intensity that would

be achieved by matching the diameter of the illuminating spot to different square

cropped regions of the sensor. It also assumes that only up to 99mW of laser light

are available. The 30mmlens in use in the TIRF illuminator achieves homogenous

illumination at 512x512. According to table 2.3 this is the largest FOV with a

illumination intensity sufficient for dSTORM imaging (Lin et al., 2015; Linde et al.,

2011). Given this, the FOV illumination for further acquisitions was set at 512x512

with the 30mmlens, corresponding to a FOV of 55x55µm2.
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Pixels 2048 1024 512 256 128 64
Illumination Intensity 0.13 0.51 2.05 8.19 32.78 131.11

Table 2.3: Calculation of expected illumination intensity of 640nm laser illumination for
different FOV crop factors. Illumination intensity given in kWcm−2 and cor-
responds to 99mW projected into a circle with a diameter which matches the
diagonal of the cropped area.

2.2.1.4 Dual-Camera sCMOS Imaging

Because the Hamamatsu Flash4.0 cameras provides the combination of QE,

fast frame-rate and large FOV that a high-throughput SMLM system requires, these

were chosen for the Alpha. A 4F system was required to allow dual camera imaging

since the infinity path was not long enough to accommodate both the ASI CRISP

dichroic and the laser illumination dichroic. Figure 2.11 shows the design of the

emission path, placed shortly after the laser dichroic (figure 2.3). Before the emis-

sion splitting system, there are two 2” dichroic mirrors mounted in tip/tilt mounts,

allowing the emission path to be aligned with regards to the 4f system. The lenses

for the 4f system as well as the dichroic mirror holder are mounted in a cage system

to simplify alignment of the optical path. The light coming from the microscope

is then relayed by a tube lens (Thorlabs, ITL200), recreating the infinity path. At

a distance of one focal length from this tube lens, a dichroic mirror is held in a

tip/tilt platform mount (Thorlabs, B4C/M). The mirror is exchangeable and either a

50/50 beam-splitter (i.e., it transmits and reflects half of the light; Chroma, 21000),

a 565nm dichroic mirror (Chroma, T565lpxr) or a 647nm dichroic mirror (Chroma,

T647lpxr) can be installed. The 50/50 mirror allows biplane imaging to be achieved;

the 565nm and 647nm dichroics reflect shorter wavelengths and transmit longer

wavelengths, enabling dual-colour imaging. The mirrors have a thickness of 3mm

to minimize any distortions introduced in the reflected image resulting from the mir-

ror being gripped in the mount. The tip/tilt also mount allows for any misalignment

between the two cameras to be corrected. At two focal lengths from the first tube

lens, a second tube lens takes the emission light and focuses it into an image on

one of the two cameras. Prior to each of the cameras there is also an 8-position

high-speed filter wheel (ASI, FW-1000) which helps to block laser reflections, pre-
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vent bleed-through from different channels and blocks autofluorescence from being

captured.

For alignment of the two cameras, 100nm Tetraspeck beads were imaged while

adjusting the tip/tilt mount. Some instability of the mount means regular alignment

is required but the system achieved good registration between both channels. Fig-

ure 2.12A shows Tetraspeck beads being imaged with the 647nm dichroic, demon-

strating dual-colour imaging and good registration between channels. Figure 2.12B

demonstrates widefield multi-colour cellular imaging achieved with the 647nm di-

chroic. The registration between both channels was quantified by using the Thun-

derSTORM packages (Ovesný et al., 2014) maximum likelihood estimator function

to calculate the position of all the beads in both channels offigure 2.12A. Calculat-

ing for every bead the difference in position between channels gives a mean lateral

displacement of 57nm. While significant for SMLM imaging, this error can be cor-

rected for a posteriori in SMLM datasets. It is, however, small enough that both

channels essentially cover the same FOV.

2.2.2 Drift Correction in Super-Resolution Microscopy

Any drift should be the result of the thermal response of different materials in a

system as well as the mechanical stability of any elements present. However, axial

drift could be observed when imaging beads on the Alpha (figure 2.13). Refocusing

the beads restored the signal, demonstrating that the fading signal was because of

axial drift and not bleaching. It is therefore imperative to correct for axial drift

during acquisitions on the Alpha.

2.2.2.1 ASI CRISP

ASI provide an axial drift correction device termed the Continuous Reflective

Interface Sample Placement (CRISP) system. It works by measuring the reflection

of an Light Emitting Diode (LED) on the coverslip surface (figure 2.14A). The

Alphas CRISP is mounted on a 100mm tube lens (ASI) to relay the signal from the

LED to the BFP and this tube lens is attached to the drift correction dichroic shown

in figure 2.3. For the CRISP to be functional, the LED needs to be focused on
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Figure 2.11: Illustrative diagram of the fluorescence emission splitting path. M - mirror; TL
- tube lens; XY - XY lens adjustment mount; DCR - dichroic mirror; FW - filter wheels;
LW - longer wavelength fluorescence emission; SW - shorter wavelength fluorescence
emission; SC - sCMOS camera.
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A B

Figure 2.12: Demonstration of dual colour imaging with two cameras. A - Tetraspeck
beads illuminated with 561 and 640 nm lasers to demonstrate dual colour imaging with
two cameras; Scale bar - 5µm; Inset - zoom of beads from the center of the field of view;
Inset Scale bar - 2µm; B - CHO cells immuno-labelled for microtubules, vimentin and
nucleotides, imaged with the two cameras and the 657nm dichroic; Red channel - micro-
tubules secondarily labelled with Alexa Fluor 647; Green channel - vimentin secondarily
labelled with Alexa Fluor 488; Blue channel - DAPI staining; Scale bar - 5µm.

the roughly the same focal plane as the emission cameras. Given that the emission

path is split by a custom lens system, this confocality was verified by removing

all dichroic and emission filters from the optical path, imaging Tetraspeck beads

and turning on the CRISP LED. Two images were acquired, one of the beads and

another of the CRISP LED. Figure 2.14B and C demonstrates that both systems

were in focus. Despite the efforts to make the system in focus with the cameras,

and despite frequent contact with the manufacturer, the CRISP system was never

able to correct for axial drift. This is one of the main reasons why it was decided to

develop the system discussed in the next section.

2.2.2.2 3D Cross-Correlation by Static Reference

Correcting drift using cross-correlation has the advantage, when compared to

the CRISP system, that it can also perform lateral drift correction in real-time.

SMLM samples are often fixed but images of blinking fluorophores are inherently

variable, which means the raw data of an SMLM acquisition cannot be matched to

a reference image. In order to obtain an image of the sample that can be matched to
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Figure 2.13: Measurement of axial drift over time using Tetraspeck beads. A - frames
from a time series of a clump of beads drifting away from focus; B - plot of the average
fluorescence intensity (in arbitrary units) of the time series. Scale bar - 0.5µm.

a static reference, a separate transmitted IR light illumination system was installed

(figure 2.15). It is based on Köhler illumination, which is an optical configuration

designed to obtain homogeneous illumination (Cox, 2010). First, the CRISP system

was removed and replaced by a CMOS camera (IDS Imaging, UI-1220LE-M-GL).

A small cage system was mounted on a post attached to the microscope stage. It

contains an IR LED (Thorlabs, LED1050E, 1050nm) and two lenses. The LED is

placed at the back-focal plane of a collector lens which projects the LED light onto

a condenser lens. The condenser lens then illuminates the sample on the micro-

scope stage. The light which is transmitted through the sample is collected by the

microscope objective and reflected by a dichroic onto the CMOS camera. In this

way, an image of the sample can be obtained which is independent of the SMLM

acquisition path.
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B

C

A

Figure 2.14: A - Illustrative diagram of the CRISP’s optical path, adapted from Applied
Scientific Instrumentation (2017a). Briefly, the image of an LED light source is projected
on the surface of the coverslip. The reflected signal from the LED is captured by a split
photodetector. Any axial shift in the coverslip will result in a lateral displacement on the
split photodetector and drift can then be corrected for accordingly; B - The signal from
the CRISP after the IR filter was removed from the camera path; C - Tetraspeck beads
illuminated with 640nm laser light are shown to be at the same focus as the CRISP unit.

To correct for drift in real-time, a Micro-Manager plugin was developed. When

the plugin is started, three reference images are acquired: one of the sample when it

is in focus and two for when it is moved by a user-specified distance (s) above and

below the focus. In order to calculate the lateral drift, the CCM between the in-focus

reference IR image of the sample and a current IR image of the sample is calculated

using equation (2.2). To detect the coordinates of the peak correlation value, we

selectively upscale the correlation matrix via bi-cubic spline interpolation (Catmull

et al., 1974) and find its maximum. This process has been previously described in

(Guizar-Sicairos et al., 2008). The detected peak position is then subtracted from

the nominal center of the image, yielding the lateral displacement. The X and Y

piezo stages can then be used to corrected for the lateral displacement.

The axial displacement is calculated using a modified version of the method

described in McGorty et al. (2013). First, the peak intensities of the CCMs of the

in-focus image with the top image (C+,0), bottom image (C−,0) and itself (C0,0), are

calculated. The peak intensities of the CCMs between any new image n and all

three of the reference images (C+,n,C−,n,C0,n) will then be calculated. From these
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Figure 2.15: Diagram of the optical path for the drift correction hardware. It primarily con-
sists of a Köhler trans-illuminator, a dichroic, a tube lens and a camera. Semi-transparent
red areas represent IR light. Köhler Trans. - Köhler trans-illuminator; Coll. - collector
lens; Cond. - condenser lens; Dic. - dichroic mirror;

values, the following equations can be used to determine the axial drift between the

reference stack and the current sample position:

∆z = s
(

2(∆ζ −C−,0)
C−,0

)−1
)

(2.3)

∆ζ = ζn−ζ0 (2.4)
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ζn =
C+,n−C−,n

C0,n
(2.5)

However, the IR images require processing before the CCMs are calculated since

they have a specific background pattern originating from three sources. First, the

CMOS camera introduces a read-out artefact in the images that results in a thin

white bar at the top and bottom of the drift correction images. The signal from the

cell in the CCM is swamped by the signal from these white bars (figure 2.16A, C).

Raw images need first to be cropped to remove the cross-correlation signal from

the white bars (figure 2.16D). The sensor also introduces a fixed pattern in the

image which is largely unnoticeable by eye. Additionally, the illumination is not

completely homogenous. Both of these factors contribute to a static background

pattern. Any background non-uniformity is strongly represented in the CCM and

swamp the cross-correlation signal from the cells (figure 2.16D). One method to

remove this background non-uniformity that does not require much prior know-

ledge of the sample is to filter from the images any frequencies below an arbitrary

threshold, using a cut-off filter implemented in Fourier space (Cox, 2010). While

this results in a significant removal of the background signal (figure 2.16E-H), there

is still enough background signal that prevents the cellular signal from being identi-

fied consistently. An alternative method consists of obtaining a reference image of

the background prior to any acquisition and then dividing any subsequent image by

this reference. The resulting images should mostly consist of contrast derived from

the cell. The reference image can be a picture of a completely empty field, but for

samples which are too dense or with too much debris, this can be difficult to obtain.

A solution was developed, consisting of acquiring several mostly empty fields, re-

gardless of the presence of cells or debris, and then perform a median projection.

This will result in an image where each pixel corresponds to the median value of the

image sequence and if the raw images consist of mostly empty fields, the resulting

image will correspond to the background. Figure 2.16E and J show two images

background corrected by this method. The resulting CCM’s (figure 2.16K and L)

have a very clear cellular signal present, allowing the cell’s drift to be identified
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Figure 2.16: Image processing for cross-correlation. The cross correlation algorithm is
sensitive to any pattern that appears in both of the images that are being compared. This
includes both the structure of the cells and the structure of the background. Yellow arrows
- expected location the cell’s cross-correlation signal in the respective maps; A,B - cell
before (A) and after (B) moving; C,D - CCM of A with B before (C) and after (D)
cropping, respectively; E,F - FFT filtered images of A and B, respectively; G - CCM of
E with another filtered image of the cell in the same position; H - CCM of E with F; I,J -
A and B after background correction, respectively; K - CCM of I with another corrected
image of the cell in the same position; L - CCM of I with J; Scale bar - 20µm.

over time, as figure 2.17 shows. It demonstrates axial drift that was measured over

a 35 minute period using the CCSR algorithm.

To measure the linearity of the response of the algorithm, two stacks were ac-

quired. In one, the piezo stage was used to move a cell in X and Y by 30µm and in

another, the stage was moved 1.5µm in Z. Figure 2.18A and C demonstrate that the

response of the algorithm is linear. There is, however, an error associated with the

position estimate. To measure this error, a static cell was imaged over 296 frames

and its position was estimated in X, Y and Z. By calculating the difference between

each estimated positions and the average of the estimated position, the error can be

determined from the standard deviation of the differences. In the X and Y direc-
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Figure 2.17: Measurement of z-displacement due to drift over a 35 minute period using the
cross-correlation by static reference algorithm.

tion, the standard deviation is 4.4 nm and in Z it is 33.5 nm. If the distributions

are somewhat normal, one can estimate that 95 % of the estimates will fall within

2 standard deviations above and below the mean. The histograms for the estimate

errors fit well to a Gaussian distribution (XY Adjusted R-square: 0.988; Z Adjus-

ted R-square: 0.9658). This means that one can expect a maximum deviation of

±8.8nm in XY and ±67nm in Z. The error in XY is below the maximum resolution

that can be expected in a SMLM microscope. For most acquisitions and applica-

tions it should not meaningfully impact the final reconstruction. This means that

single acquisitions would most likely not require further drift correction when cor-

recting lateral drift using the cross-correlation signal. The drift correction error in Z

is also well below the expected depth of field for our 1.49 NA objective. The depth

of field corresponds to the distance above and below the nominal focus of the ob-

jective where signal from the sample remains in focus. One can estimate the depth

of field of an objective by following equation (2.6) (Nikon, 2016).

do f =
λ ∗n
NA2 +

n
M ∗NA

e (2.6)

Here, do f is the depth of field, λ is the wavelength of light being imaged, n is

the refractive index of the objective medium, NA is the numerical aperture of the

objective, M is the magnification of the objective and e is the smallest distance that
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Figure 2.18: Sensitivity and linearity of the Cross Correlation by Static Reference al-
gorithm. A - plot of the estimated movement of the cell between figure 2.16A and B, after
moving 30µm in Y and 30µm in X; Green cross marks the beginning of the movement
and the purple cross marks the end of the movement; B - histogram of the difference
of the estimate in X or Y to the mean position of a static cell. n=296; C - estimated
z-displacement from a stack with 10nm steps; D - histogram of the difference of the
estimated position in Z to the mean position of a static cell. n=296.

can be resolved by a detector that is placed in the image plane. For digital systems,

e corresponds to the pixel size. Calculating do f for the Alpha when imaging Alexa

Fluor 647, the expected depth of field is 635nm. Given our estimated Z error of

±67nm, the CCSR algorithm should be able to maintain the sample in focus without

affecting imaging.

However, if vibrations are present in the system, a positive feedback-loop could

created which would amplify any vibration. To test if any vibrations are present, a

fluorescent bead (Thermo Fisher, T7279) was imaged for 10.000 frames at 1000

FPS. Lateral vibrations were clearly present (not shown). To quantify these vibra-

tions, the pixel corresponding to the centre of the bead was identified on the first

frame. The vibrations move the bead away from this pixel and then back to the

same position, continuously. Therefore by simply measuring the intensity of this
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Figure 2.19: Five measurements of microscope vibrations taken at different days reveal an
≈ 70Hz vibration present in the Alpha. Plotted are the FFT of the intensity plot of an
image pixel that corresponds to a bead location at the beginning of an image stack.

pixel throughout the entire stack will provide a direct measurement of the frequency

of the vibrations present. Figure 2.19 shows the normalised Fast Fourier Transform

(FFT) of the intensity plots of 5 different beads. Some higher frequency vibrations

were detected at ≈ 90Hz and ≈ 200Hz. But an ≈ 70Hz vibration is present whose

amplitude is up to an order of magnitude stronger than any other vibration present.

These vibrations are present even if the rooms air conditioning is turned off. Given

this is within the range of vibration frequencies expected from a camera fan, the

cameras are potentially the source of these vibrations. To prevent these vibrations

from interfering with the drift correction algorithm, it is run at a frequency which is

lower than the vibrations present in the system.

The entire algorithm was packaged as a Micro-Manager plugin (figure 2.20).

While it is installed as a plugin, it also encapsulates a separate Micro-Manager

instance which allows the drift correction camera, LED and piezo stage to be con-

trolled independently of the main Micro-Manager interface. The plugin controls

any hardware from the main instance in addition to any hardware that is specific

to its own instance. A problem that is specific to the ASI microscope is the fact

the Piezo 3D stage is identified by micro-manager as 3 separate focusing stages.

The drift correction plugin allows the user to specify which stage corresponds to
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Figure 2.20: Screenshots of the drift Correction Plugin for Micro-Manager.

the X and Y axis and the plugin will treat them as a single XY device. The plugins

user interface allows the user to acquire the background reference after choosing a

mostly empty area of the sample. It also enables the most relevant drift correction

parameters to be adjusted and the impact of these adjustments can be observed by a

live view of the camera’s processed output. Finally, the drift can be plotted during

drift correction and saved as a Comma Separated Values (CSV) file.

2.2.3 Super-Resolution Cellular Imaging at High-throughput

Thus far, it has been established that the Alpha is capable of large FOV imaging

and of correcting its own drift. To demonstrate the ability of the Alpha to perform

SMLM for longer time durations, HeLa cells were methanol fixed and secondar-
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ily immuno-labelled for microtubules with Alexa Fluor 647 and dSTORM imaged.

Figure 2.21A shows a 40.000 dSTORM acquisition acquired at 50 FPS. The total

time to acquire was ≈14 minutes over which time the drift needed to be correc-

ted with the drift correction plugin (figure 2.21B). The fact the reconstruction in

figure 2.21A is without artefacts in spite of the presence of drift demonstrates the

plugin was successful in correcting for drift during the acquisition.

A dSTORM image’s resolution will be a function of the localisation preci-

sion, density and sample structure. The Fourier Ring Correlation (FRC) method

(Nieuwenhuizen et al., 2013; Culley et al., 2017) allows the resolution of the image

to be estimated based on the super-resolution reconstructions, which will integrate

all three parameters. The resolution obtained with FRC for the full dataset in fig-

ure 2.21A yields a mean resolution of 54nm (std. dev. 14nm).

The sCMOS camera allows for 1000 FPS imaging when cropped to 128x128

pixels. To test the impact of high-speed imaging, dSTORM acquisitions of 40.000

frame were also acquired at 1000 FPS. Figure 2.22 shows a representative recon-

struction, demonstrating dSTORM imaging is feasible at 1000 FPS with a total

acquisition time of 40 seconds. Measuring the obtained resolution using the FRC

method yields a mean resolution of 86nm (std. dev. 16nm).
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Figure 2.21: dSTORM images acquired while undergoing CCSR drift correction. Scale bar
- 5µm. A - dSTORM reconstruction of of cell acquired at 50 FPS; B - plot of the axial
drift corrected for during acquisition.



2.2. Results 80

Figure 2.22: High-speed dSTORM reconstruction of cells acquired at 1000 FPS; Scale bar
- 2µm.
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2.3 Discussion

2.3.1 Throughput of the Alpha

Most commercial systems (Zeiss, 2016; Nikon, 2017a) use EM-CCD cameras

with a 512x512,≈50hz full FOV sensor. They also tend to be illumination intensity

limited as they use single-mode fibres for laser launching. As a result, the illumina-

tion will be restricted to an area of 256x256 pixels, or 25.6x25.6µm2, which can be

acquired at ≈100 FPS (Andor Technology Ltd, 2016). An sCMOS camera cropped

to 256x256 can acquire at an 800 FPS acquisition rate and at 400 FPS when cropped

to 512x512 (Hamamatsu Photonics K.K., 2016). As a result, when comparing for

the same FOV, the sCMOs is inherently ≈8x faster than an EM-CCD. Figure 2.22

demonstrates that the Alpha can achieve SMLM imaging even at 1000Hz frame-

rates, obtaining a resolution of ≈ 86 nm. At 512x512 or 55x55µm2, an sCMOS is

only 4x faster than a 256x256 EM-CCD but it will cover 4 times the area. This can

significantly increase throughput further still. As an example, figure 2.21 shows two

HeLa cels that were acquired simultaneously. A cropped field of 256x256 would

have resulted in only a single cell being acquired, reducing throughput in half. If

cells are spread relatively evenly and are of a size which is more amenable (i.e.

T-cells), the Alpha’s throughput can be increased by up to 4x when compared to

EM-CCD’s. Finally, for dual-colour experiments, the use of two cameras will in-

herently double the throughput. Therefore, for the simplest case of single colour,

single cell per FOV acquisitions at 256x256, the Alpha has a throughout increase

of 8x when compared to a commercial system. However, if imaging two-colour

stained cells that are evenly spread and of an amenable size, the Alpha can have a

throughput increase of up to 32x (table 2.4). When considering the entire system

can be automated, the Alpha design is demonstrably capable of performing high-

throughput SMLM acquisitions.

2.3.2 Illumination Intensity and Throughput in SMLM

By comparing table 2.3 with the results of Lin et al. (2015), it becomes clear

that illumination intensity is the Alpha’s main limiting factor for high speed full
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Commercial systems Alpha Throughput increase
Cameras 1 2 2x

FOV 25.6x25.6µm2 55x55µm2 4x
Frame-rate 100 Hz 400Hz 4x

Total throughout: 32x

Table 2.4: Comparison of how different elements of the Alpha increase throughput when
compared to commercial systems.

FOV SMLM imaging. To obtain the best resolution possible with the current

512x512 FOV, the laser illumination intensity should match the FOV frame-rate

(400 FPS). Lin et al. (2015) saw the best results at ≈31 kWcm−2 for 400 FPS,

which would require 16x more laser illumination intensity than currently installed,

corresponding to a 2.4W laser. If, furthermore, the entire 221x221µm2 FOV of

the Flash4 were to be required, the laser illumination intensity should match the

full FOV frame-rate of 100 FPS. Lin et al. (2015) obtain the best resolution at 100

FPS when imaging at ≈8 kWcm−2. To be able to cover 16x larger area with 4x

the current illumination intensity, the 640nm laser would need to be replaced for a

laser source with up to 64x higher illumination intensity ratings, or 9.6W. Such high

illumination intensity ratings (2.4-9.6W) are either not generally available commer-

cially or prohibitively expensive but Zhao et al. (2017) have recently demonstrated

a vibrated multi-mode fibre system which merges several laser inputs into a single

fibre. They make use of a custom-made fused biconical taper (FBT), a fibre com-

ponent which merges the output of an arbitrary number of multi-mode fibres (4 in

their case) into a single multi-mode fibre. By combining the output of four 2W

639nm lasers, they are able to achieve the required illumination intensity for full

FOV sCMOS imaging. Should larger FOV be required, this method would be im-

mediately applicable to the Alpha as the main illumination system is already a vi-

brated multi-mode fibre. However, there is a significant cost associated with such

laser systems and as such the 512x512 FOV of the Alpha probably represents a

good trade-off between cost, FOV, speed and resolution.

At 50 FPS acquisition rate, the Alpha was shown to obtain reconstructions with

a resolution close to what would be expected for the given samples. Considering
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a microtubule has a diameter of around 25nm in size and antibodies have a size of

around 10nm, the observed size of a secondarily labelled microtubule is expected

to range around 45nm (Ries et al., 2012). By imaging at 50 FPS, and with the Al-

pha’s≈2 kWcm−2 illumination density, around 54nm resolution was achieved. Lin

et al. (2015) achieve similar FRC resolution at a comparable acquisition rate and il-

lumination intensity which indicates this is the ideal acquisition rate for the Alpha.

However, since resolution also depends on localisation density, better resolution

could be obtained through longer acquisitions. For example, by only considering

half of the dataset in figure 2.21, the resolution is lowered to a mean of 64nm (std.

dev. 11nm); when considering only a quarter of the frames, the resolution is fur-

ther lowered to 73nm (std. dev. 21nm). This indicates that larger datasets may

improve the obtained resolution. When imaging at 1000 FPS, the system achieved

a resolution of around 86nm. However, it also only obtained around half the loc-

alisation density when compared to 50 FPS imaging (not shown). When imaging

at a similar laser illumination intensity and at 800 FPS, Lin et al. (2015) obtain

around 70nm resolution. It remains possible that the lower resolution at 1000 FPS

imaging on the Alpha is the result of insufficient localisations being acquired for

this particular dataset. The reduction in resolution can potentially be compensated

by acquiring longer datasets without substantially affecting throughput, considering

the dataset was acquired 20x faster. For a SMLM high-throughput experiment, it

then becomes important to determine before-hand what is an acceptable resolution

as some samples or labels won’t require as much resolution. Any high-throughput

experiment should first test the target structures for the kind of resolution they re-

quire and determine from there what is the smallest dataset and fastest data-rate that

is safe to acquire.

2.3.3 Vibration dampening

There is still, however, room for further improvement. The vibrations present

in the system (figure 2.19) are a potential a source of reduced resolution since they

can blur the PSF of single molecules, thereby reducing SNR. The most likely culprit

are the camera fans which are the only vibrating elements present on the optical
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table. To correct for this, fiducial markers can be used during imaging. By applying

the Shannon-Nyquist criterion and imaging at rates higher than 70*2.3=161 FPS,

any vibration can be detected and corrected for from the movement of the fiducial

markers. Ideally the vibrations should be removed from the system altogether. An

alternative camera cooling system is water-cooling. This consists of water flowing

in a closed system between the camera and a radiator. The radiator will have fans

attached to it, which allows the water to be cooled but any vibrations should not be

efficiently transmitted to the cameras through the water hoses. The Flash4 cameras

present on the Alpha already have water-cooling fittings (Hamamatsu Photonics

K.K., 2016). In the future, installing an enclosed water-cooling system on the Alpha

could completely remove the need for fiducial markers to correct for vibrations in

the system.

2.3.4 Drift Correction in High-throughput

One particular bottleneck is the ability to perform drift corrections at multiple

locations. Currently, the drift correction plugin stores only a reference image stack

corresponding to one location, it is currently the limiting factor for high-throughput

acquisitions. However, it is straightforward for the plugin to store references for

different locations. Micro-Manager’s multiple location list is programatically ac-

cessible through its API. Micro-Manager also allows plugins to keep track of sys-

tem devices. For multi-position drift correction, in the future the plugin will keep

a reference tied to each position on Micro-Manager’s list. Whenever the stage is

moved to a previous position on the list, or a new position, the drift correction can

detect this movement automatically and use the correct reference image stack for

that particular position. Additionally, it can potentially detect any new position

automatically and acquire a reference stack without user intervention. This should

be particularly useful for any multi-position experiment that requires visiting all

positions on the list repeatedly.



2.4. Methods 85

2.4 Methods

2.4.1 Cell Culture

HeLa and CHO cells were cultured at 37°C in 60mm plastic petri dishes using

Dulbecco’s Modified Eagle’s Medium (Thermo-Fisher, 31053-028) supplemented

with 10% FBS (Sigma, F9665), 1% GlutaMAX (Thermo Fisher, 35050-038) and

1% penicillin-streptomycin (Thermo-Fisher, 15140122). Every two to three days

they were split by washing the media with pre-warmed Phosphate Buffered Saline

(PBS: NaCl 137mM; KCl 2.7mM; Na2HPO4 10mM; KH2PO4 1.8mM; pH 7.4),

replacing the PBS with 3mL of pre-warmed Trypsin-EDTA (Thermo-Fisher, 5400-

054) and incubating until the cells were seen to be in suspension by phase-contrast

microscopy. To maintain the culture, 7mL of pre-warmed media was added to the

cell suspension and cells were diluted to new dishes at a typical ratio of 1:10, ad-

justed according to confluency. For imaging experiments, 100µL of cell suspension

was added to 35mm glass-bottom cell culture dishes (Ibidi, 80606) with 2mL of pre-

warmed media. The cells were allowed to grow overnight and were washed twice

with pre-warmed Ringer’s solution (0.12M NaCl, 1.5mM CaCl2, 5mM KCl, ph 7.3)

before staining or imaging.

2.4.2 Immuno-Staining

Cells were fixed while at 37°C with pre-warmed 4% Paraformaldehyde (Taab

Laboratories, P026) diluted in PBS for 10 minutes. Subsequent staining steps

were performed at room temperature. Cells were washed three-times for 3 minutes

with PBS and permeabilised by adding 0.1% Triton-X/PBS (Sigma, T8787) for 10

minutes. Cells were blocked by incubating in 5% bovine serum album and 0.5%

Tween-20 (Sigma, P9416) in PBS for 30 minutes prior to incubating for 1 hour

with an Alpha-tubulin primary antibody at 1/200 dilution (Sigma, T6199). Cells

were washed three-times for 3 minutes with PBS and incubated for 1 hour with a

Goat anti-mouse secondary antibody labelled with Alexa Fluor 647 at a 1/200 di-

lution (Thermo Fisher, A-21236) Cells were washed three-times for 3 minutes with

PBS and imaged in PBS.
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2.4.3 dSTORM Imaging

Cells were first immersed in a dSTORM buffer: 150mM Tris (Sigma, T3253)

pH 8, 1% glucose (Sigma, G8270), 1% glycerol (Sigma, G2025), 10mM NaCl

(Sigma, S3014), 40µg/mL catalase (Sigma, C40), 0.5mg/mL glucose oxidase

(Sigma, G2133) and 1% β -mercaptoethanol (BME; Signa, M6250). 640nm laser

intensity was set to maximum and the fluorophores were allowed to reach a low

density state, which required 30 seconds. The camera then acquired a sequence

of 40.000 frames (unless otherwise stated) at a given frequency (mentioned in the

text). The resulting images were analysed with the ThunderSTORM SMLM pack-

age (Ovesný et al., 2014). The settings were as follows: images were filtered using

a B-Spline wavelet filter (Order: 3, Scale 2); the molecule localisation was first de-

termined using the local maximum method and this localisation was further refined

using the maximum likelihood estimator. After the localisations were obtained,

drift was corrected for using ThunderSTORM’s cross correlation facility. Recon-

structions of the super-resolved localisations were done using the average shifted

histograms method.

2.4.4 Software Development and Image Analysis

All Java software was written using IntelliJ and the Beanshell scripting facility

of Micro-Manager was used to prototype code sections and test microscope control

through Java. All image processing and analysis was performed in FIJI (Schindelin

et al., 2012), and Python was used to both automate processing tasks and proto-

type Java classes. The frequency analysis in figure 2.19 was performed in Matlab

from intensity measurements obtained in FIJI as described in the text. The tracks

in 2.18 were obtained as described in the text, using custom Java classes controlled

by Python scripts inside FIJI. The error measurements in 2.18 were obtained us-

ing Matlab to calculate the histogram values of measurements obtained in FIJI, as

above. Firmware code for Arduino was written and tested using the Arduino IDE.
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2.4.5 Bead preparations

To track drift (figure 2.17), test vibrations (figure 2.19), register the two camera

channels (figure 2.12), and test the CRISP system (figure 2.14), fresh bead prepara-

tions were used. 1µL of 100nm fluorescent beads were diluted in 100µL PBS, and

vortexed. The bead solution was then added to a cell culture dish and allowed to

settle for 30 minutes before imaging.

2.4.6 Laser Intensity Measurements

Laser intensity was measured with a photodiode power pensor (Thorlabs,

S121C) attached to a digital hand-held power meter (Thorlabs, PM100D).
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Chapter 3

Open-Source fluidics for In-situ

Liquid Exchange

3.1 Introduction

3.1.1 Microfluidics for Microscopy

Microfluidic technology has enabled many applications which are unique to

the field like lab-on-a-chip diagnostic devices (Sackmann et al., 2014), organ-on-

a-chip research models (Bhatia et al., 2014), cell-sorting (Reece et al., 2016) and

others (Duncombe et al., 2015). These applications can be achieved by leveraging

the unique properties of fluid flow at small scales (Beebe et al., 2002). The ability

to control the pressure and fluid flow inside the device also allows mechanosensory

systems to be studied in living cells (Polacheck et al., 2013). Because PDMS can be

covalently bonded to glass, flow-cell devices allow cells to be imaged on a micro-

scope at high-resolution while the cellular environment can be manipulated. This

combination of microscopy and microfluidics allows, for example, super-resolution

fixed imaging to be correlated with live-cell imaging of the same cells (Tam et al.,

2014). Microfluidic devices have also been used to imobilize yeast (Bell et al.,

2013) and mouse embryonic stem cells (Zhou et al., 2016) for prolonged periods,

enabling PALM imaging to be performed on live-cells. Microfluidics are then cap-

able of enhancing imaging experiments and specifically, super-resolution experi-

ments. To achieve this, microfluidic systems need to be designed with imaging in
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mind and these generally follow a common architecture composed of 3 main com-

ponents: a PDMS flow-cell, the connecting tubing and a pumping system.

3.1.2 Microfluidic Flow-Cells

To make a PDMS device, there are three main steps: design, mould fabrication

and assembly. The design step involves using Computer Aided Design (CAD) soft-

ware to draw the overall outline of the desired microfluidic pattern. These designs

can include complex features such as valves, fluid mixers and pumps (Beebe et al.,

2002) and fluid simulation software can be used to predict the behaviour of the

device (Chován et al., 2002). The pattern is then reproduced on a mould using one

of a variety of techniques. A common method to make moulds for PDMS devices

is photolithography, which allows for features as small as 1µm to be made in the

mould. Photolithography is often performed inside clean-rooms, or filtered air en-

vironments, to prevent any defects in the mould which may arise from dust in the

air. Once the mould is made, a mixture of PDMS elastomer and a curing agent is

mixed and poured on to the mould. While the PDMS may cure at room temperat-

ure over a 24 hour period, it can also be cured in a few hours if heated. Once the

PDMS is cured, any number of required inlets and outlets can be cut out using a

hole-punch (figure 1.3). A hole-punch is a hollow metal cylinder with sharp edges.

It can be made to punch through the PDMS, resulting in a cylinder of the material

being cut-out of the device. Finally, a coverslip and the PDMS device are activ-

ated using an oxygen plasma reactor. The plasma creates silanol functional groups

(SiOH) on the surface of the PDMS which allow it to covalently bond to the glass

surface of the coverslip (Duffy et al., 1998). The PDMS is carefully placed on to

the coverslip, bonding to it and thereby creating a microfluidic device. The holes

which were previously punched can now be interfaced to tubing, forming inlets and

outlets to allow liquid flow. Liquid can be injected through the tubing and it will

flow through the channels which have been imprinted on the PDMS by the mould.

Because these devices act as contained cells where liquid flows through, they are

also called flow-cells.
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3.1.3 Plumbing for Fluidics

To connect the pumps to the fluidic devices themselves, some form of tubing

is also required. Most commonly, flexible and chemically inert polymer tubing

(such as Tygon brand tubing) are used. Another option the silica capillaries used

in High-Performance Liquid Chromatography (HPLC). HPLC instruments are de-

signed around flowing small amounts of liquid through tubing and are therefore

designed to minimize the volume required for one experiment. These instruments

use silica capillaries with internal diameters as low as 0.2µm and have manifolds

which allow many capillaries to merge into one path with minimal dead volume

(see below). One thing to consider with tubing is the dead volume, or the minimum

volume required for liquid to reach the cells. As an example, a 1 metre length of

tubing with an internal diameter of 0.8mm will have an internal volume of 500µL.

This means a syringe needs to have at least 500µL of liquid as well as enough liquid

to fill other sources of dead volume, as well as the volume of the flow-cell itself. For

expensive substances such as antibodies or drugs, this is not a reasonable volume.

Therefore the tubing should have as low an internal diameter as possible.

3.1.4 Pump Types for Fluidics

In a flow-cell device, the liquid can be made to flow by using pumps. Syringe

pumps, pressure pumps and peristaltic pumps are all commonly used for this pur-

pose. Peristaltic pumps move liquid inside a flexible tube by using rollers which

constrict the tubing at several points along its length (figure 3.1 A). One end of

the tube is placed inside a reservoir of liquid and the other end is connected to a

microfluidic device. A motor then moves the rollers along the tubing, forcing the

contents inside to move along the direction of the motor rotation, moving the liquid

from the reservoir to the device. Pressure pumps (figure 3.1 B) work by increasing

the air pressure inside a sealed container containing both liquid and air (figure 3.1

B:C). An inlet tube connects to the top of the container, and the entrance for an out-

let tube is placed at the bottom of the container. The generated pressure at the top

of the container forces the liquid at the bottom of the container through the outlet
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Figure 3.1: Diagrams for two different pump types. A - Peristaltic pump. Arrows show
direction of the pump motion and liquid flow. T - Tubing; M - Motor; R - Roller; B -
Pressure pump. White arrow - direction of air pressure; Black arrow - direction of liquid
movement; AP - Air Pressure generator; IT - Inlet tube; OT - Outlet tube; CL - Container
Lid; C - Containers; C - Syringe pump. M - Motor; LS - Lead Screw; PH - Plunger
holder; SM - Syringe mount.

tube, wich is connected to the flow-cell. To control the flow-rate out of the out-

let, pressure pumps precisely control their internal pressure by opening and closing

pressure valves in a fast manner. Syringe pumps operate by using a syringe as a

reservoir and simply push on the plunger to inject liquid. Figure 3.1 C shows a dia-

gram of a syringe pump with a syringe mounted on it. The syringe plunger is held

by a plunger holder, and the plunger holder attaches to a lead screw through a lead

nut. When the motor inside the pump housing rotates the lead screw, the lead nut

moves along the screw, resulting in the plunger being pushed (or pulled, depending

on direction) and in liquid injection. Syringe pumps are more versatile, precise and

create a more stable flow than peristaltic or pressure pumps. Partially this is be-

cause syringe pumps use stepper motors instead of the Direct Current (DC) motors

used in peristaltic pumps and the pressure valves in pressure pumps. DC motors run

freely when a current is applied but stepper motors move in pre-determined steps.
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This stepping motion requires a complex electronic scheme where pulses of electric

current are sent to separate circuits to achieve a step motion. DC motors can run

at high RPM but will not achieve high torques and it is difficult to get DC motors

to achieve a precise number of rotations. Stepper motors move in precise steps and

can achieve high torques but are significantly costlier and are limited in the speeds

they can achieve. For complex multi-step experiments, such as immuno-stainings,

several pump devices may be required; one for each buffer or solution. One advant-

age of pressure pumps is a single air pressure source can control several containers

by using different valve systems (figure 3.1 B). However, these systems are signific-

antly more costly than syringe pumps or peristaltic pumps due to the complexity of

the pressure valve systen and its associated electronic control schemes. One other

consideration is the fact most pumps have their own proprietary software which

does not integrate with microscope software for integrated acquisition.

3.1.5 Open-Source Fluidics for In-situ Liquid Exchange

Microfluidic devices have largely been designed to leverage the physics of

small scale fluid flow. However, there are many microscopy applications which

require only a simple fluid exchange. For example, imaging mitosis in mammalian

cells is difficult due to the low number of cells which are undergoing mitosis at any

given time. Cells can be synchronised by growing them with a cell cycle inhibiting

drug. If the medium containing the drug is exchanged for fresh medium without the

inhibitor, the cells will enter mitosis synchronously and this will greatly increase the

number of cells which can be used in a particular experiment (Rosner et al., 2013).

More generically, other types of drugs can be added/removed/exchanged to a cell’s

medium to study cellular function. Additionally, cell fixation can be achieved by

replacing the medium with a fixative of the correct percentage or by adding a con-

centrated fixative solution and allow it to dilute in-situ to the correct concentration.

By staining after for any number of targets of interest, live and fixed imaging can

be correlated, reintroducing the dynamic context of the cell to the fixed imaging

data. An example of a more complex series of exchange steps is immunocytochem-

istry. Performing an immuno-staining on fixed cells is achieved by a sequence of
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steps (Breu et al., 2010): adding and removing a fixative; washing by adding and

removing buffer; permeabilising the cells by adding and removing a detergent; de-

tecting antigens by adding and removing a dilute antibody solution; etc... With

an automated fluidic system, all of the above processes (drug application, fixation

and immuno-staining) can be performed in the same sample in a straightforward

manner.

For imaging experiments, fluid manipulation steps have commonly been per-

formed separately from the imaging process. Cells are commonly drugged, fixed

and stained before they are imaged. The ability to perform any of the steps de-

scribed above while imaging cells can greatly enhance the informative power of an

experiment. For example, focal adhesions are cellular structures which are import-

ant for cell motility (Burridge et al., 1996; Parsons et al., 2010). These cellular

structures, which are important for cell motility, are inherently a dynamic, a crit-

ical aspect that is lost when imaging fixed cells. For example, if any change in the

structural components of focal adhesions results in higher or lower cellular speed,

this can not be determined from fixed cell imaging. To make such a link, a re-

searcher would have to find a method to influence cell speed, either by using drugs

or through genetic manipulation. The impact of this manipulation would have to

be thoroughly characterised on both experimental and control populations. Follow-

ing this, imaging the structural components of focal adhesions for both populations

would have to be performed and finally, both the cell speed and structural imaging

datasets would have to be correlated together to establish a potential link between

both. By imaging live cells on a microscope, followed by fixing, staining and ima-

ging the exact same cells, a direct observation of this relationship would be possible

in a single experiment. Such an observation would have greater statistical power as

variability arising from measuring control and experimental conditions would not

be conflated with the variability inherent to cellular processes.

To perform in-situ experiments, researchers have manually applied drugs to the

cells while imaging on a microscope but this is a fraught and error-prone process. It

is therefore attractive for biological researchers to have a method to exchange or add
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liquids with minimal disruption to samples while these are mounted on the micro-

scope. Ideally, these steps would be performed in a reliable and automated manner

and one way to achieve this is through the use of PDMS microfluidic devices and

automated pumps. Despite this, the use of PDMS flow-cells has not been consider-

ably popularised. This is likely due to the complexity of microfluidic systems, the

cost of specialised equipment and software, as well as a skill-set and a knowledge

base which most biological researchers lack.

It is the goal of this chapter to describe a fluidic framework, NanoJ-

Optofluidics, which is accessible to most biological researchers, is highly multi-

plexed, is capable of addressing many simple fluid exchange protocols, can perform

experiments in-situ during live-imaging and is capable of integrating with the mi-

croscope acquisition. In addition, to facilitate wide availability, all components will

be made publicly available through the Open Science Framework website (Center

for Open Science, 2017) as an Open-Source project.
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3.2 Results

3.2.1 A Fluidic Platform for Liquid Exchange In-situ

3.2.1.1 LEGO-based Syringe Pumps

The goal of an open-source hardware project is to make the end-product widely

accessible to a large audience. There are several considerations that enable this:

cost; access to materials; simplicity of design; compatibility with current materials;

and speed of assembly and repair. LEGO bricks were designed as mass-produced

modular building blocks for children’s toys. One key feature of their industrial pro-

duction is the very low tolerance of brick manufacturing, down to 20µm, resulting

in highly standardized parts (The LEGO Group, 2014; Allain, 2013). Since their

introduction to market, they have become readily and affordably available world-

wide and many researchers readily have access to LEGO-bricks of many types. The

introduction of the LEGO Technic brand has made electronic elements available

which are compatible with LEGO-bricks, including DC motors and linear actu-

ators. Overall, LEGO parts possess the ideal combination of features which can

enable and open-source hardware project to be widely accessible. Given this, the

NanoJ-Optofluidics framework was developed using LEGO parts.

The LEGO Technic brand does not include stepper motors and early designs of

peristaltic fluid pumps using LEGO were unreliable. Therefore, the NanoJ pumps

were designed to be DC motor driven syringe pumps. To make a syringe inject

liquid, its plunger needs to be pushed into the body of the syringe in a linear motion.

LEGO Technic parts include linear actuators which convert the rotary motion of

motors to linear motion, and this motion can be used to push the syringe plunger.

The syringe pumps were designed around these linear actuators (figure 3.2 A). A

pump unit consists of one DC motor (figure 3.2 M), two linear actuators (figure 3.2

LA) and a set of gears (figure 3.2 G). For many microfluidics applications, the

native speed of the DC motors was found to be too high and the relatively small

torque was also found to result in insufficient force to push some syringes. Aside

from power transmission, the primary purpose of the gear train is to reduce the



3.2. Results 101

M

MB

DB
SH

LA

SS
G

A B

LB

Figure 3.2: A - 3D diagram of a fully retracted single NanoJ-Optofluidics pump device.
The linear actuators are usually extended to allow a full syringe to be mounted (see B).
M - DC motor; G - Gear train; DB - Motor disengagement bar; MB - Manual control bar;
LA - Linear actuators; SS - Syringe stop; SH - Syringe holder; LB - LEGO boards; B -
3D diagram of four multiplexed NanoJ-Optofluidics pump devices with syringes. Note
the linear actuators are fully extended, whereas in A they are fully retracted.

DC motor’s speed and increase torque. The total gear ratio of the gear train leads

to a 75-fold speed reduction. Because any decrease in speed due to the gear ratio

also increases torque proportionally, the gear train of the LEGO pumps results in a

75-fold amplification of the motor torque. This has been found adequate for most

subsequent microfluidics applications. The gear train transmits the rotary motion of

the motor to two linear actuators which are mounted parallel to each other. A solid

lego block sits in between the actuators and the ends of the actuators are connected

by two bars for rigidity. The space between the solid block and the bars is the

syringe mounting point (mounted syringes can be seen in figure 3.2 B). The syringe

body is held to the bars (figure 3.2 SH) by means of rubber-bands and the plunger

sits flush against the solid block (figure 3.2 B). The weight of a fully loaded syringe

means they tend to tip over the front of the pump. To prevent this, a small LEGO

plank is placed on top of the solid block (figure 3.2 SS) to hold the plunger in place

and prevent the syringe from tipping over. The entire assembly is mounted on two

LEGO boards (figure 3.2 LB) which both increases the rigidity of the pump as well

as enables the pumps to be multiplexed when the boards are placed in a staggered

arrangement (figure 3.2 B).

The speed of injection (or flow-rate) of a syringe pump will be a function of
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Figure 3.3: Demonstration of liquid exchange on a commercial microfluidic slide. The
inlet is shown in the left-hand side of the images and the outlet on the right-hand side.
Liquid was merged using silica capillary tubing and the manifold shown in figure 3.8.
First, a Methyl-Blue solution flowed through the slide (A); This was then exchanged by
a Phenol-Red solution (B), followed by (C) water and, finally, the water was replaced by
Methyl-Blue solution (F).

the speed of the translation of the linear actuators and the internal diameter of the

syringe. To determine the speed the LEGO pumps can achieve, a pump was moun-

ted with a 1ml syringe (BD, 300013; internal diameter of 4.699mm) and with a flat

piece of Parafilm placed at the mouth of the syringe. By applying a 9V voltage to

the motor, the pump injected water at full speed for 60 seconds. Because of the par-

afilm, the water beaded up, allowing it to be easily retrieved. The mean recovered

volume was 137µL (n=12, std. dev. 9µL or 6.4% of the mean). Thus, the max-

imum flow-rate of the lego pumps will be 2.3µL/s, at least for syringes with an

4.699mm internal diameter. To determine the accuracy of the pump, the motor was

run for 43.48 seconds at maximum speed with the intention of achieving 100µL of

injected water. The recovered mean volume was 98.4µL (n=10, std. dev. 3.43µL

or 3.5% of the mean). Nevertheless, the pump design shown in figure 3.2 has been

used to exchange liquids reliably and figure 3.3 demonstrates liquid exchange on a

commercial flow-cell device (Ibidi, 80606) using a multiplexed array as shown in

figure 3.2 B.

Given a reference flow-rate and diameter, the flow-rate for any other syringe

diameter (Rd) can be determined using equation (3.1):

Rd = Rr

(
d
dr

)2

(3.1)

Where d is the syringe diameter, dr is the reference diameter and Rr is the refer-
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ence rate. Given equation (3.1), the operating flow-rate for all other syringe types is

determined using the calibrated value of 2.3µL/s for a 4.699mm diameter syringe.

This method has shown consistent results when using syringes from different man-

ufacturers (BD and Terumo) and volumes ranging from 2ml to 50ml (not shown).

Table 3.1 shows the calculated flow-rates expected for different syringe sizes, which

demonstrates the ability of the pumps to cover a broad range of speeds, depending

on the syringe diameter. Because the range of the linear actuators is limited, a syr-

inge may not be able to be loaded with the plunger fully retracted, which limits the

volume that can be loaded on a syringe. Table 3.1 also shows the maximum volume

that can be loaded into a given syringe.

Nominal Vol. Max. L. Vol. Inner Dia. Max. F.R Min. F.R
1 0.75 4.699 2.3 0.6
2 2.5 8.7 7.9 2.0
5 4.8 11.989 15.0 3.7

10 6. 5 14.427 21.7 5.4
20 11 19.05 37.8 9.5
50 22 26.594 73.7 18.4

Table 3.1: Flow-rates obtained from equation (3.1) for several BD Plastipak syringes.
The minimum flow-rate was given as 25% of the maximum value (see sec-
tion 3.2.1.3). Nom. Vol. & Max. L. Vol.- Nominal and maximum loading
volume in mL; Inner Dia. - Internal diameter in mm; Max. F.R. & Min. F.R -
maximum and minimum flow-rates in µL/s, respectively.

3.2.1.2 3D Printed Syringe Pump

While LEGO is ubiquitous, the Technic brand only provides DC motor func-

tionality. To leverage the precision and torque of stepper motors, another approach

is required. 3D printing is slowly becoming ever more available, enabling many

researchers to produce their own parts. While not as ubiquitous as LEGO, 3D print-

ing can provide a universal method to fabricate standardised parts without requiring

specialised tools. As a theoretically more precise alternative to LEGO pumps, a 3D

printed pump prototype was created to leverage the precision of stepper motors (fig-

ure 3.4), and this was based on a prior multiplexable Open-Source design (Negrier,

2015).

The pump is built around a stepper motor (figure 3.4 SM) which is attached to
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Figure 3.4: 3D printed syringe pump prototype. SM - Stepper motor; LS - Lead screw; SB
- Support bar; PH - Plunger holder; SH - Syringe holder.

a lead screw (figure 3.4 LS). The lead screw is rotated in place by the stepper motor.

Running along-side the lead screw are two support bars (figure 3.4 SB) which serve

as rails for the syringe plunger holder (figure 3.4 PH). The holder slides smoothly

on the bars and they help to ensure the holder moves along a straight line. To make

the plunger holder move, a lead nut connects it to the lead screw. The rotating

motion of the lead screw pushes or pulls on the lead nut depending on the direction

of rotation, leading to motion of the plunger holder. A syringe’s body is attached to

the syringe holder (figure 3.4 SH) by means of a slotted adapter (not shown) and the

action of the plunger holder pushes the syringe plunger towards the syringe body.

In this way, a syringe can be made to inject liquid. The prototype can translate the

plunger holder but requires refinement, as it has yet to achieve stable motion. This

is most likely due to observed differences between the expected required size of

the printed parts versus the non-printed parts. The electronic control scheme (see

section 3.2.1.3) also requires work as the motor seems to stall frequently.

3.2.1.3 Control Systems for Integrated Microscope and Fluidic Ap-

plications

To design the pump array as a fully automated system, a complete software

and electronic control scheme is needed that is suited for multiple DC motors and,

potentially, stepper motors. When choosing the electronic control scheme, the cri-
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teria mentioned above also apply: cost; access to materials; simplicity of design;

compatibility with current materials; and speed of assembly and repair. The Ardu-

ino open-source hardware project (Arduino, 2017) fits these criteria. It was created

in 2004 with the goal of developing hardware controllers which are widely avail-

able, low-cost, thoroughly documented and with a large community of developers

providing support. Figure 3.5 shows an exponential growth of mentions of Arduino

in scholarly articles in both the Google Scholar and Web of Science platforms.
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Figure 3.5: Number of mentions of Arduino in scholarly articles. Exponential fits of the
Google Scholar (Adjusted R-Squared: 0.9866) and Web of Science (Adjusted R-Squared:
0.9796) data show an exponential growth of interest in the platform.

The electronic controller was chosen to be an Arduino Uno. This Arduino

electronic controller can connect to a computer through a USB cable and uses the

RS-232 (Serial) protocol for communication. This makes it widely compatible with

the majority of modern computer operating systems and hardware. To modulate the

pump flow-rate, the motor speed can be controlled using Pulse Width Modulation

(PWM). This is an electronic control method where, instead of applying a constant

DC current, the electronic controller sends pulses of DC current at a fixed frequency.

With PWM, the speed of the motor s follows equation (3.2):

s = sm

(
pl
f

)
(3.2)
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Where sm is the maximum speed of the motor, pl is the length of time a pulse lasts

and f is the pulse frequency. By controlling the pulse length, the speed of the mo-

tor can be modulated. The control scheme needs to be able to be able to perform

PWM and to start and stop an electric current to multiple motors at different times.

While the Arduino Uno does not provide these capabilities by itself, it is designed

to be easily extended with additional electronic components called shields, which

are simply plugged on top of the Arduino Uno. The Adafruit motor shield (Adafruit

Motor Shield V2 for Arduino 2015) allows up to 4 DC motors or 2 stepper motors

to be controlled with PWM from a single shield and can be stacked with up to 32

shields of the same type. Thus, the combination of an Arduino Uno and Adafruit

motor shields stacked together can provide a single electronic controller capable

of controlling up to 128 DC motors or 64 stepper motors in parallel. Figure 3.6

A shows an Arduino stacked with 3 motor shields. While the Arduino Uno draws

power from a USB connection to the computer, a separate 9V power supply (not

shown) is used to provide power to the motors separately to prevent electric noise

from the computer power to the Arduino from affecting motor operation. However,

when performing PWM, the torque is reduced and the DC motors may not have

sufficient torque push the syringe plunger at lower speeds. For the LEGO Tecnic

motors, the speed could not be lowered beyond 25% or it would stall and the min-

imum pump speed was set at 25% of the maximum flow-rate for any given syringe.

A B

Figure 3.6: NanoJ-Optofluidics control systems. A - Arduino board with three Ada-
fruit Motor Shields; B - Screenshot of the sequential protocol section of the NanoJ-
Optofluidics control software.

The combination of multiplexed LEGO syringe pumps and Arduino/Adafruit

controllers compose the hardware component of the NanoJ-Optofluidics frame-
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A B

DC

Figure 3.7: NanoJ-Optofluidics hardware is easily adapted to commercial systems. A,B
- Pumps assembled on a Nikon NSTORM microscope with different sized syringes; C
- Pumps assembled on a Zeiss Elyra PS.1; D - Single pump with syringe inside the in-
cubator of a Nikon NSTORM microscope to equilibrate the liquid’s temperature with the
sample.

work. The simplicity of the underlying elements means that an entire 8 pump array

can be assembled in a day, including the electronics. It is also light and compact

enough that it can be easily mounted on most microscopes (figure 3.7). Single

pumps (figure 3.7 D) in particular are small enough to be placed inside microscope

enclosures, which allows whatever liquid is loaded on the syringe to be temperature

equilibrated with the sample.

To control the motors from a computer, an Arduino firmware was created. Any

software which can establish RS-232 communication to the Arduino can use the

commands shown in listing 3.1 to control the pumps. This command scheme is

designed to allow easy communication through a serial port. The Arduino con-
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Listing 3.1: List of commands and command notation

g = g e t s t a t u s o f a l l pumps
a = s t o p a l l pumps
p = g e t number o f pumps
axxy = s t o p pump xxy
sxxynnn = f o r pump xxy s e t speed nnn
r x x y d t t t t t = S t a r t pump xxy i n d i r e c t i o n d

f o r t t t t t s e c o n d s

The commands use t h e n o t a t i o n :
d = 1 i s fo rward , d = 2 i s backwards
xx = s h i e l d a d d r e s s {Min : 0 1 ; Max : 32}
y = motor / pump a d d r e s s {Min : 1 ; Max : 4}
nnn = speed {Min : 000 ; Max : 255}
t t t t t = d u r a t i o n {Min : 00001 ; Max : 99999}
\ l a b e l { l s t : commands}

troller automatically parses the commands and responds appropriately. While the

command scheme is straightforward, it requires a piece of software on the com-

puter to send the commands. For automated control, this software needs to know

the commands scheme and, for sequential fluidic protocols, to be able to send them

at appropriate time intervals. To integrate pump control with the Micro-manager

microscope control software, a complete software package was developed in Java

(figure 3.6 B). It can function either as a stand-alone application or as a Micro-

Manager plugin and includes a plugin system, several programmatic interfaces, and

a Graphical User Interface (GUI).

First, the software package was developed to be independent of the hardware

control scheme. To achieve this, the command scheme for each pump type (for

example, a commercial pump or the Arduino command scheme shown above) is

wrapped as a plugin. When first run, the software automatically loads each avail-

able plugin and makes that particular pump type available for control. The software

can create any number of new instances for each pump type. This allows the addi-

tion of several pumps and combining several different pump types. At the time of

writing, plugins are available for the NanoJ LEGO syringe pumps, the NanoJ 3D

printed pumps, a commercial syringe pump (Harvard Apparatus, Pump 11 Elite)
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and a virtual pump for testing. To create a plugin for a new pump type, a program-

mer needs only to extend a Pump Java class. Each plugin defines how to initiate the

connection to the pump, which makes the software package as a whole independent

of any specific hardware. However, the package does provide access to Micro-

Manager’s serial connection capabilities, so little effort is needed to create a plugin

for devices which communicate using the serial protocol. This is advantageous as

the majority of scientific hardware uses the serial protocol for communication.

The programming interfaces also allow full control of any pump system. For

example, Pump instances can be generated for any pump type and controlled dir-

ectly. A PumpManager class manages connections to multiple pumps if more

than one controller is used. A Sequence class is also available which allows a

sequence of several Step instances to be created. Each Step defines what to do at

a particular time point: which pump to use, how much volume to inject, and for how

long to wait before the next step is triggered. The SequenceManager, once star-

ted, goes through a given Sequence and uses the PumpManager to initiate the

instructions given in each Step. All of the above mentioned classes are available to

control through the BeanShell scripting language of MicroManager, enabling com-

plete and integrated automation of both microscope acquisition and microfluidic

manipulation of the sample.

The GUI (figure 3.6 B) allows any researcher without programming experience

to control the NanoJ-Optofluidics framework. First, the connection tab lists avail-

able serial ports and plugins, allowing a user to connect as many pump controllers

as required. This is essentially a graphical method to instruct the PumpManager

which pumps need connecting to. The second tab lists all currently connected

pumps (from PumpManager), a list of known syringe types, and allows a user

to instruct a pump to inject or withdraw a specified volume. The Sequential Pro-

tocol tab is where a user can design and start a Sequence of Steps. A list of

Steps is presented where each individual element of the particular Step can be

altered. Any number of Steps can be added to the Sequence. Each Step can be

moved further up or down in the Sequence, can be deleted or duplicated through
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the GUI. Importantly, the Sequential Protocol tab allows a withdrawal step to be

defined. This means that, in between each Step, a specific pump is always run

in the same manner. Usually this will be a pump whose task it is to withdraw the

liquid from the sample. This withdrawal step thus enables liquid exchange to occur

for every step. However, any individual Step can tell the SequenceManager to

skip the withdrawal step. This means the step will only add liquid to the sample,

instead of exchanging liquid. Applying drugs or fixatives to the medium of live

cells can be achieved in this way. The tab can also save and load protocols to disk

for later access. The GUI itself is also programatically accessible, which means

that a user can connect to the pumps and design a protocol entirely in the GUI

but use BeanShell scripts to control the Sequence. This simplifies integration

with Micro-Manager since BeanShell scripts can also capture microscope acquisi-

tion settings from the Micro-Manager GUI. By having graphical methods to define

a microscope acquisition and a microfluidic protocol, BeanShell scripts can be de-

signed which are generic and independent of any specific microscope acquisition

setting or sequential protocol.

3.2.2 Fluidic Device Design for Bulk Liquid Exchange In-situ

3.2.2.1 Channel-type Microfluidic Devices

As can be observed in figure 3.3, commercial microfluidic devices can be used

with the NanoJ-Optofluidics framework. However, there are several disadvantages

to this approach. First, commercial microfluidic devices are significantly more ex-

pensive than standard coverslips or cell culture dishes. Second, the inlets use Luer-

lock inlets to connect to standard fluidic components which can result in accumula-

tion of liquid in between rounds. This problem is clearly visible in figure 3.3, where

blue liquid accumulates near the outlet. When performing an immuno-staining pro-

tocol this may result in cross-talk or increased background from antibodies and

other solutions which have accumulated in the reservoirs and cause dilution during

long incubation periods. Finally, the shape of the inlets introduces a significant dead

volume (60µL in the device in figure 3.3). As an alternative approach to commer-

cial devices, a PDMS microfluidic device was designed for liquid exchange. PDMS
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allows for designs with low dead volume and no reservoirs. As a first approach to

address these issues, a simple PDMS device was designed consisting of a simple

channel, ≈ 1mm wide and 10mm long and with a single inlet and outlet.

To use tubing with a small internal diameter and compatible with manifolds

with a small dead-volume, silica capillaries were used. One issue with small internal

diameters is that, for any reduction in internal diameter, the fluidic resistance of the

tubing will increase non-linearly, following equation (3.3) (Beebe et al., 2002):

R =
8µL
πr4 (3.3)

Where R is the fluidic resistance, µ is the fluid viscosity, L is the tube length and

r is the tube radius. Since, for the same applied pressure, the flow-rate is inversely

proportional to the fluidic resistance (Beebe et al., 2002), this means that exponen-

tially more pressure is required to achieve the same flow-rates. When using 100µm

diameter silica capillaries (CM Scientific, TSP100794) the syringe fittings tended

to explosively disengage due to the high pressures. However, 250µm internal dia-

meter capillaries (CM Scientific, TSP250350) had little issue with internal pressure

and 1 metre of this tubing results only in a 49µL dead volume, a ten-fold reduction

compared to the tygon tubing generally used in microfluidics.

Figure 3.8 shows the types of connectors used to connect silica capillary tubing

to microfluidic devices. To connect capillaries to the commercial microfluidic

device shown in figure 3.3, Luer syringe injection ports are used. These consist

of a simple Luer cap with a silicone plug (figure 3.8 A). The Luer cap allows the

port to be adapted to the commercial microfluidic device and the silica capillary is

pierced through the silicone plug, which is self-sealing. But the 250µm internal

diameter capillary has a 360µm external diameter and the smallest hole that could

be punched through the PDMS without it collapsing was ≈ 800µm. To address

this, any connection to a PDMS devices used a biocompatible polymer (PEEK) ad-

apter tubing with an external diameter of ≈ 800µm and 360µm internal diameter

(figure 3.8 D). The same type of PEEK tubing is used to adapt the silica capillaries

to the syringe connector (figure 3.8 B and C) and the manifold (figure 3.8 E). This
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Figure 3.8: Types of fluidics connectors used with silica capillaries to enable low dead-
volume connection to microfluidic devices. A - Luer syringe injection port (Mouldex,
SB0067); B - Syringe Luer adapter (IDEX-HS, P-659) which connects to C - threaded
cone adapter (IDEX-HS, F-120) for 1/16 inch diameter (≈ 1.6mm) tubing; D - Size ad-
apter for the silica capillary made of a biocompatible polymer (PEEK; IDEX-HS, 1533);
E - Manifold to connect up to 8 different input tubing to 1 output tubing (IDEX-HS,
P-170).

A B C

Figure 3.9: Widefield imaging of a secondary immuno-staining of CHO cells using NanoJ-
Optofluidics and a PDMS straight-channel device. A - Vimentin abelled with Alexa Fluor
488; B - Microtubules labelled with Alexa Fluor 647; C - Overlay of A and B. Scale-bar:
5µm.

manifold allows up to 8 input capillaries to merge into a single output capillary with

a dead volume of only 2.2µL.

By making use of the NanoJ-Optofluidics LEGO hardware and software pack-

age, the capillary tubing, the manifold and a straight channel PDMS device, auto-

mated fixation and immuno-staining of cells was achieved (figure 3.9). However,

the use of a manifold introduced a problem. Any liquid being injected into the man-

ifold will follow the path of least resistance. The fittings are screwed manually and

apply a certain amount of pressure on the capillary, which can potentially slightly
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A B

Figure 3.10: CAD designs for no-flow PDMS devices to be attached to 25x60mm covers-
lips. A - Overview of the no-flow design with the coverslip area outlined by a black box.
The dotted blue ring marks the location where liquid is loaded. The liquid is split into
16 separate channels to increase the area covered by the device; Rectangle corresponds
to 25x60mm area. B - Zoomed section of A. The blue arrows show one potential path for
the liquid to follow. Scale-bar: 100µm.

decrease the internal diameter and therefor increase the resistance in that particu-

lar tubing. The variability of the manual fitting sometimes caused the path of least

resistance to be the path to another syringe. This meant that whatever syringe was

currently injecting a liquid, would inject it into one (or more) other syringe/s instead

of the PDMS device. This made the overall configuration with manifolds unreliable.

Another issue arose from the use of PDMS devices with sequential labelling proto-

cols (see section 4.2.1), where the pressure applied on the cells after using highly

acidic solutions sometimes resulted in the cells being washed away (figure 4.2).

The most problematic aspect with microfluidics is the issue of air bubbles

(Skelley et al., 2008). Any air which is introduced to the system will result in air

bubbles which immediately destroy the cells when flowing through the channels.

Some of the sequential labelling protocols (section 4.2.1) are especially prone to

generating air bubbles. The many inputs of the manifold also increased the likeli-

hood of introducing bubbles. Overall this made the straight channel PDMS design

and manifold combination highly unreliable.

There are many microfluidic designs which address the issue of bubbles (for

examples see Skelley et al. (2008), Kang et al. (2008) and Cambier et al. (2015)).

Cambier et al. (2015) have recently described a simple design where fluid ex-

change of the cell’s medium occurs through diffusion thereby addressing the issue
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of bubbles. Given the simplicity of this so-called no-flow design, it served as the

basis for a new PDMS device design (figure 3.10). The Cambier et al. (2015) design

is based on the idea of asymmmetric flow. First, the device is filled with liquid in the

areas marked with a blue ring in figure 3.10 A and the liquid is allowed to fill the re-

maining parts of the device. Figure 3.10 B shows a zoomed section of the device and

the blue arrows show a potential path for the liquid to go through. When the liquid

reaches the first channel, it is partially diverted to a small chamber and to a parallel

channel on the top of the chamber. The design of the chip is such that liquid will

preferentially travel through the parallel channels and not the chambers that punc-

tuate the channel, which means liquid exchange with the small chambers happens

only though diffusion; in the published design, a complete liquid exchange required

at least 7 minutes. Any bubbles which are present in the system should also travel

preferentially through the first and last chambers along the channel, which means

the majority of the chambers in the middle of the device will experience no bubbles

or flow. The adapted design used here (figure 3.10 A) also includes a large inlet area

so each syringe pump has its own dedicated inlet, obviating the need for the man-

ifold. While the device could be made successfully on a few occasions, the many

small features in the design made it difficult to remove the PDMS from the mould

without the features being destroyed. This means several attempts were required

before a working device was achieved. Additionally, the loading of the device with

liquid often failed to cover many of the chambers, meaning they were filled with

air. This air could not be removed, making the device largely unusable.

3.2.2.2 Dish-based Microfluidic Device Design

Microfluidic flow-cell type devices are designed for applications where flow-

rate, volume and concentration of solutions need to be controlled precisely. How-

ever, as has been mentioned, not all biological fluidic applications require great

precision in these parameters. Traditional microfluidic devices are also usually

designed to minimise dead volumes, requiring only of tens of µL’s. However,

such volume efficiency is not always required. The primary goals for the NanoJ-

Optofluidics liquid exchange devices are ease of fabrication, high reproducibility,
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Figure 3.11: A - Schematic cross-section of the device. IT - Inlet tubing; OT - Outlet
tubing; CDL - Cell culture Dish Lid; CD - Cell culture Dish; C - Cells; CV - Coverslip;
B - Photograph of a lid with adapters for capillaries and silicone tubing; C - Photograph
of a lid with tubing threaded through; D - Dish-based device mounted on the stage of a
Zeiss Elyra PS.1.

high reliability and straightforward automation. So far, the PDMS devices described

here have failed to meet either of these standards.

To address this, instead of a flow-cell type device, a fluidic device can be made

from standard glass-bottom cell culture dishes (figure 3.11 A; Ibidi, 81158). While

these are fluidic but not strictly micro-fluidic devices, volumes of ≈ 100µL are still

sufficient to cover the imaging area of a cell culture dish. One particular advantage

of commercial cell culture dishes is the fact most microscope stages are designed

with these types of dish in mind. Therefore, a dish-based device requires no modi-

fication for use with any microscope (figure 3.11 D). These commercial dishes are

also designed to be compatible with cell culture and high-resolution fluorescence
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imaging. However, they are not designed with fluidic liquid exchange in mind. To

address this, inlets and an outlet holes are made through the lid, allowing tubing

to reach the cells (figure 3.11 A). Tubing is threaded through the inlets and outlet

holes. The inlets are kept at the level of the lid to prevent any liquid from diffusing

to the sample before it is required. The outlet tubing is kept at the level of the cells

to allow most liquid to be removed. It should be noted that removal is never total

with this approach as a thin film of liquid tends to remain in the dish regardless of

how long the removal pump operates. For most of the applications this system was

designed for (such as fixation and immuno-staining) this is not an issue as either the

sample will be washed several times before introducing a new liquid, or the added

liquid (i.e. fixative) will not dilute significantly to affect effectiveness. Neverthe-

less, this design solves any problem from bubbles in the tubing, as any air in the

form of bubbles will stay at the top of the device while any liquid drops down to the

imaging area.

To make the holes, a few techniques were initially attempted. Using hole

punches or drilling holes in the plastic tended to crack and often destroyed the lids.

Figure 3.11 B shows an early drilled lid design with a visible crack. These early

designs also involved the use of pipette tips to serve as adapters to thread through

capillary tubing and metal adapters to adapt large internal diameter tubing to the

holes and both are visible in figure 3.11 B. To overcome the cracking issue and

make holes large enough that adapters are not required, a heated needle technique

was developed. A syringe needle is heated on a Bunsen burner and is then used

to pierce through the plastic, thereby creating a hole. Because the plastic melted

during the piercing, cracking does not occur. To create a hole with the correct dia-

meter for tubing to be threaded through (figure 3.11 C), a needle can be chosen with

a diameter which matches the outer diameter of the tubing. Otherwise, a smaller

needle can be used and, during the piercing process, the needle can be displaced

in a circular motion around the hole, thereby increasing the diameter of the hole.

Figure 3.11 C shows a lid where holes were made using this technique as well as

several Tygon tubes threaded through.
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With a PDMS device, a manifold is preferred to avoid complex, multi-inlet

designs or designs with large reservoir areas to allow multiple inlets. However, the

through-hole approach and the larger area of the lid allows for a large number of

tubing to be connected to the dish with arbitrary internal and external diameters.

This obviates the need for a manifold and allows the use of flexible tubing with

large external diameters but small internal diameters. Given this, Tygon tubing with

an internal diameter of 190µm and an external diameter of 1.99mm (Cole Parmer,

WZ-06460-10) was used, resulting in a dead-volume of less than 30µL for each

metre of tubing. To connect flexible tubing to the syringes, syringe needles can

be used which have an external diameter matching the tubing’s internal diameter.

This needle approach was not possible with silica capillaries as the hardness and

weight of the capillaries tended to bend small diameter needles, therefore requiring

the adapters shown in figure 3.8 B-D.

One consideration for syringes with large volumes, is the resulting increase

in torque required to inject. This is because of the greater the ratio of the internal

diameter of the syringe to the internal diameter of the tubing, the greater the volume

that needs to be displaced for the same displacement of the linear actuators. For

syringes with a nominal volume greater than 5mL, the LEGO pumps could not

inject liquid through the 190µm internal diameter without the syringe explosively

disassembling the pump. For these larger volume syringes, tubing with an internal

diameter of 760µm (Cole Parmer, WZ-06460-24) was used. This tubing has a dead

volume of less than 500µL per metre of tubing, but when using such large volume

syringes, the dead-volume matters less as these are used for washing solutions and

other non-expensive reagents.

In the dish-based design, liquid can be injected using syringe pumps in the

same manner as with flow-cell devices. However, liquid removal requires a sep-

arate pump. Liquid removal should be performed at faster pump flow-rates in a

dish-based device because the cross-section of the liquid on the dish is significantly

larger than the cross-section of a flow-cell. This means the same pump flow-rate

will move liquid at a slower rate through the dish, for a given syringe. Therefore, li-
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quid removal with the dish-based design is performed with a fast and cost-effective

peristaltic pump (Adafruit, 1150). This pump has a rated flow-rate of 1666µL/s

and is factory fitted with silicone tubing with an internal diameter of ≈ 2mm. To

connect the peristaltic pump to the dish, Tygon tubing with an external diameter

of 2.46mm and an internal diameter of 760µm (Cole Parmer, WZ-06460-24) was

used. The Tygon tubing slides into the pump tubing directly, and since it has an

outer diameter larger than the internal diameter of the pump tubing, it creates a seal

that allows it to fix firmly in place. The difference in the internal diameters of both

tubing also leads to a≈ 6.5x reduction in pumping speed, resulting in a flow-rate of

≈ 267µL/s. Considering the cell culture dish can hold a maximum of 4mL of liquid

and most experiments use a maximum of 2mL of liquid (i.e. during wash steps), this

still means the whole dish can be cleared of liquid in 7 to 14 seconds.

The dish-based design, choice of tubing and syringes correspond to the

wetware element of the framework. By combining these elements, the NanoJ-

Optofluidics framework was used successfully to perform automated immuno-

staining of cells (figure 3.12). Briefly, cells were grown on a cell culture dish

and manually fixed. Syringes loaded with the different components required for an

immuno-staining were mounted on a LEGO pump array and a staining protocol was

designed with the NanoJ-Optofluidics software. After the software went through

the entire procedure, the cells were imaged on a widefield microscope and a correct

immuno-staining was observed (figure 3.12). The staining was uniform through-

out the entire dish, and was qualitatively similar to the one obtained for NanoJ and

straight microfluidic channels.
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Figure 3.12: Widefield imaging of a HeLa cells immuno-labelled using NanoJ-Optofluidics
and a dish-based design. A - Microtubules labelled with Alexa Fluor 488; B - Vimentin
labelled with Alexa Fluor 647; C - Overlay of A and B. Scale-bar: 10µm.
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3.3 Discussion

3.3.1 Dish-based Devices

The dish-based devices are simple, inexpensive and have functioned consist-

ently well. Their geometry means fluid exchange can probably be accelerated.

Given how the liquid is distributed at the bottom of the dish, the flow-rate observed

at the cell height is not necessarily the same as the flow-rate at other heights of the

liquid column. When imaging living cells, determining the actual flow-rate they ex-

perience is important, as this will determine what shear stress is exherted on them.

Shear stress is the stress resulting from liquid flowing around the cells and can be

determinant of cell fate and modulate cellular behaviour (Cambier et al., 2015; Po-

lacheck et al., 2013). To determine the flow-rate experienced by the cells beads

could be injected and removed while imaging their movement near the cell surface.

Imaging at different heights would also allow the overall flow profile of the dish

to be determined, and the maximum flow-rates for the device could be estimated.

Alternatively, the flow-rate limits of liquid exchange could be tested empirically for

both live and fixed cells by injecting and removing liquid at different pump flow-

rates while imaging. In this case, observed cell structure and viability could serve as

qualitative measures of acceptable flow-rates. Having determined the flow-rate lim-

its, this means liquid can potentially be removed at greater speeds than is currently

done, enabling greater temporal resolution for any liquid exchange experiment.

3.3.2 NanoJ Pumps

The small size of the LEGO pumps enables them to be placed inside a mi-

croscope’s incubator. For SMLM in particular, this can be beneficial. If solutions

are added to a sample at a temperature which is different to that of the microscope,

then there is a change that sample drift can be exacerbated. By being able to add

solutions at a temperature which matches the microscope, issues with drift can po-

tentially be reduced.

The gear-ratio of the LEGO pumps was sufficient for the systems tested, but the

flexibility of the LEGO design should allow for further optimisation. For example,
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if the flow-rates of the dish-based flow-cell can be increased when compared to the

PDMS devices, then the LEGO pump design may be altered to have a lower gear ra-

tio, thereby increasing speed. However, the concomitant reduction in torque would

have to be tested for different syringe and tubing internal diameters. It is possible

different pump designs may be created for different syringe volumes, tubing dia-

meters and flow-rates, as desired. The current linear actuators also limit the total

volume that can be used in a given syringe (table 3.1). Different methods to press

on the plunger may have to be considered if larger syringe volumes are required.

The pumps have also yet to be fully characterised. The reproducibility, accur-

acy and precision of the pumps with different syringe volumes should be measured

in a systematic manner. Importantly, due to the nature of the LEGO design, inter-

pump variability should also be determined. While little deviation has been ob-

served for experiments involving liquid exchange, knowing these parameters would

allow the LEGO pumps to be used for more stringent applications. For example,

PDMS devices still offer applications that are not possible with the dish-based

designs and operating pumps with PDMS devices requires precise control of flow-

rates and pressure.

The 3D printed pumps would perhaps offer much more precise control of flow-

rates and volumes but require further refinement. There are many parts of the pump

which are not printed: the supporting rods (and bearings); the lead screw; the screw

nut and the adapters for the pump and lead screw. The choice of all of these parts

requires optimisation as some are larger than expected or do not fit together as

expected. The current 3D printed mount is also not long enough for 20mL and 50mL

syringes and requires redesigning. Finally, the plunger holder as originally designed

(Negrier, 2015), fits only 10mL syringes. To be able to hold syringes ranging from

1mL to 50mL, the holder also requires a redesign. The electronic control of stepper

motors is complex and the current plugin is a work in progress since the stepper

motors have been observed to stall frequently during testing. The cost of these

devices could be up to 4-fold higher than that of a LEGO pump. This is still an order

of magnitude cheaper than a commercial syringe pump, and if fully optimized, this
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could make 3D printed pumps highly attractive to current researchers who require

absolute fluid control precision in PDMS microfluidics. Nonetheless, these pumps

require access to a 3D printer and are not easily repaired or modified. Assembling

LEGO pumps requires no special equipment, are less expensive, are easily repaired

and modified, and their design can potentially be improved to address many of the

same applications 3D printed pumps can.

3.3.3 Software

The NanoJ-Optofluidics software can control different microfluidics hardware

and can be programmatically integrated with the microscope acquisition. If this

integration could be extended to a unified graphical user interface, the software

package could have applications beyond the scope of the framework itself. How-

ever, currently, the software package can only accommodate syringe pumps and not

other types of devices. Further development will correct for this and allow many

different types of devices. For example, the peristaltic pump is not accounted for

properly in the software, as it does not require a syringe and the expected flow-rates

are different. Pressure pump systems could also be added to the software package,

as these are commonly used with microfluidics. The Pump class underlying the

current software model allows for this abstraction since it is independent of pump

behaviour and it creating different pump subtypes from this class has been found to

be straightforward (i.e. the commercial Harvard Apparatus syringe pump). Other

devices such as valves and path selectors would allow complex fluidics layouts to be

controlled in one simple graphical user interface. For complex steps where, aside

from the pump action, valves and path selectors also need to be set, the different

configurations could be defined as a new FluidPath. The user interface will

have a new tab where combinations of different hardware could be created as new

FluidPaths. Each Step in the Sequence would have a single FluidPath

associated with it, and at the appropriate time in the protocol, would update all of

the individual component accordingly. This type of software abstraction and user

interface will circumvent researchers having to write scripts which need to take into

account many separate control schemes for different device types. These kinds of
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scripts tend to be uni-functional and are usually not easily translated to different ap-

plications, whereas the software design outlined here would be a generic approach

and immediately functional for most researchers.

The integration with Micro-Manager is also under development, as it cur-

rently requires scripts to be able to integrate microfluidic protocols with acquis-

ition. Micro-Manager includes a GUI for complex microscope acquisitions and

these protocols can be controlled programmatically. To address integration of the

microfluidics software with Micro-manager, a new plugin will be developed with a

GUI to control a sequence of steps, where each step would consist of a microfluidic

protocol, or a microscope acquisition or even both simultaneously. In this way,

users of the software would not need to know any programming language, further

broadening the availability of the framework.

3.3.4 Conclusions

It is the overarching goal of the NanoJ-Optofluidics framework to lower the

barrier for biological researchers to perform fluidic exchange experiments while

simultaneously imaging. Here, the feasibility of the approach has been demon-

strated by performing an immuno-staining outside a microscope but chapter 4 will

demonstrate further uses of the system where both imaging and fluidics are lever-

aged. The entire process can also be done at a cost which is an order of magnitude

lower than what would be required for a commercial pump system and PDMS

devices. The NanoJ-Optofluidics framework consists of three components: hard-

ware, software and wet-ware. All three have been designed to enable researchers to

assemble their own systems and be ready for imaging in a short period of time. As-

sembling a 12 pump array, electronic components and imaging chambers requires

a maximum of a day. This includes testing the pumps for issues during assembly

and testing injection with syringes. Planning and mounting the fluidic layout re-

quires less than 2 hours, depending on experience. With PDMS devices, designing,

obtaining a high-resolution photo-mask, making a mould, making the device and

troubleshooting can take from several days to several weeks depending on suppli-

ers, materials and equipment availability. Since optimisation will be required in the
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above steps (PDMS device design, making the mould and fabrication), the process

can be extended to several months before an experiment can be started. Once a

design and mould have been optimised, PDMS devices take at least half a day to

make and the fluidic connections can be prone to fail. The entire fluidic assembly

of the tubing also requires great care and optimisation to prevent bubbles. With the

dish-based design, air bubbles are not an issue and once a lid with inlets has been

made, it can be reused. When combined with the hardware and software elements

of the framework, these elements make NanoJ-Optofluidics an easily accessible

platform for researchers to begin performing fluidics experiments.
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3.4 Attribution
The wafer moulds for the PDMS devices were fabricated by Anna Bove and

Jessica Davies, of the Guillaume Charras lab. The parts for the 3D printed pump

were kindly printed by Ravi Desai of the Making Lab, Francis Crick Institute. The

3D design of the printed pumps was largely based on designs created by Negrier

(2015).
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3.5 Methods

3.5.1 Fluidic Device Fabrication and Intubation

To make PDMS flow-cell devices, first, a mould design was drawn using Auto-

CAD 2014. The designs were printed on an emulsion film as a high-resolution pho-

tomask by JD Photo-tools. Using the masks, moulds were fabricated as published

elsewhere (Artemenko et al., 2011) with a height of 10µm. PDMS was obtained as

a kit (Dow Corning, Sylgard 184). PMDS elastomer was mixed with curing agent

in a ratio of 10:1 and poured onto the mould. After curing at 60°C, the device was

peeled off from the mould. 0.8mm holes were punched to interface with an inlet

and outlet. PDMS and glass surfaces were activated using air plasma (30 seconds,

50 W, 0.3-0.4 mBar) before both were bonded together. To connect Tygon tubing

to the devices, 21G syringe needles (VWR, 613-2023) had their beveled ends cut

and were then inserted in the punched holes. To connect the silica capilaries, these

were first threaded through PEEK tubing (IDEX-HS, 1533), and both were inserted

together in the punched holes. A manifold (IDEX-HS, P-170) was used to connect

multiple capillaries the PDMS device when warranted. Capillaries were adapted

to the manifold using a threaded cone adapter (IDEX-HS, F-120) in conjunction a

PEEK adapter (IDEX-HS, 1533). A Luer adapter (IDEX-HS, P-659) was used to

adapt capilaries to syringes, in conjunction with a threaded cone adapter (IDEX-HS,

F-120) and a PEEK adapter (IDEX-HS, 1533).

To adapt capilaries to a commercial flow-cell device (Ibidi, 80606), a Luer

syringe injection port (Mouldex, SB0067) was used. Since the capilaries could not

pierce through the silicone membrane, the capilaries were first threaded through the

inside of a 21G needle. This needle was used to pierce the silicone membrane, and

as the needle was removed from the membrane, the capilarie was left behind and

the silicone membrane formed a tight seal with the capilary.

When loading syringes, at the beginning of the measurements, the syringe

plunger sometimes caught on the walls of the body, resulting in delayed pump ac-

tion. In these cases, the mean recovered volume was lower than expected. For a
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≈ 100µL nominal injection volume, ≈ 86µL were recovered versus the ≈ 98.4µL

achieved elsewhere. However, the syringe plunger performs consistently after the

issue first occurs and these values were discarded as outliers. The problem can be

mitigated by moving the syringe plunger up and down the body repeatedly before

any liquid is loaded.

3.5.2 Cell Culture and Immuno-staining

Cell culture was performed as described in section 2.4.1 with the exception

of PDMS device seeding and the following antibodies were also use: Rabbit anti-

Vimentin, 1/250 (Abcam, ab92547); Goat anti-mouse labelled with Alexa Fluor

488 1/200 (Thermo Fisher, A11029); Goat anti-rabbit labelled with Alexa Fluor

647 1/200 (Thermo Fisher, A27040); Goat anti-rabbit labelled with Alexa Fluor

488 1/200 (Thermo Fisher, A-11008).

Prior to seeding in PDMS devices, cells were concentrated by trypsinizing as

before, centrifuging at a 1500 relative centrifugal force for 5 minutes, removing the

supernatant and resuspending in 1mL of medium. The concentrated cell solution

was seeded on PDMS devices by manually injecting the device and, after the entire

solution flowed through, the cells were allowed to grow overnight prior to imaging.

Immuno-stainings were performed as in section 2.4.2, except the staining was car-

ried out using the NanoJ-Optofluidics system. Cells in figure 3.9 were imaged on

a Zeiss Elyra PS.1 microscope, with a 100x TIRF objective and an Andor iXon897

camera. Cells in figure 3.12 were imaged in a Leica DMi8 widefield microscope

using a 63x 1.25NA PL FLUOTAR objective and a Leica DFC365 FX camera.

3.5.3 Software Development

Software development was performed as described in section 2.4.4.
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Chapter 4

Online Fixation and Sequential

Labelling for High-Throughput

Super-Resolution

4.1 Introduction

4.1.1 Sequential Labelling In-situ

An antibody’s affinity to its antigen depends on many intrinsic and extrinsic

properties such as its secondary structure, temperature and pH (Reverberi et al.,

2007). Researchers can harness all of these properties to try and dissociate an an-

tibody from its antigen. The temperature can be raised by placing the sample on

a heating plate (Micheva et al., 2007), or even by microwaving it (Kolodziejczyk

et al., 1986). A sample’s pH can be altered by using highly basic or acidic solu-

tions. Chaotropic agents, molecules which affect hydrogen bonds, can also be used

to attack the binding of the antibody directly (Reverberi et al., 2007). In micro-

scopy, early antibody elution techniques attempted to dissociate antibodies from

tissue sections by using highly acidic solutions (pH 1.8-2.2), sometimes in con-

junction with moderately denaturing conditions (Nakane, 1968; Vandesande et al.,

1975; Vandesande et al., 1976; Tramu et al., 1978). Heating samples at up to 130°C

has also been used to perform triple stainings (Kolodziejczyk et al., 1986). These

early protocols tended to be unreliable and to not elute all antibodies, especially if
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these were of high-affinity (Vandesande et al., 1976; Gendusa et al., 2014). Many

other techniques have been tested and developed since these first protocols, using

low pH (Micheva et al., 2007; Pirici et al., 2009), chemical denaturing (Pirici et al.,

2009; Gendusa et al., 2014; Murray et al., 2015; Bolognesi et al., 2017), chaotropic

agents (Pirici et al., 2009; Bolognesi et al., 2017), or combinations of these ele-

ments (Wählby et al., 2002; Pirici et al., 2009). One thing in common with all of

these techniques is that they were developed with tissue sections in mind and all of

them involve manual handling and heating the sample to temperatures above 50°C.

This kind of heating can not be performed in-situ, with the sample on the micro-

scope, as it would damage the microscope equipment. This may explain why none

of these techniques have been adapted to a fully automated, high-throughput, in-situ

labelling system.

More recently, there have been attempts to develop antibody removal proto-

cols on cells grown on coverslips, and at room temperature. Lin, Fallahi Sichani

and Sorger (2015) developed a method using proteases (papain, pepsin or trypsin)

to digest the antibodies from the sample, but this required careful optimisation as

each antibody and sample reacted differently to different proteases. Unfortunately,

they disavowed their own protease approach the following year, indicating the tend-

ency to destroy the sample (Lin, Fallahi Sichani, J.-y. Chen et al., 2016). Yi et

al. (2016) have developed a technique of antibody elution for dSTORM imaging

called madSTORM (multiplexed antibody size-limited dSTORM). Reasoning that

low pH may negatively impact cell morphology, they tested different mild chemical

denaturing and chaotropic methods with pH’s ranging from 4.0 to 6.0. They report

using a chaotropic agent (3.5M MgCl2) with mild detergent (0.1% Tween-20) was

the most successful protocol to remove Alexa FLuor 647 directly labelled primary

antibodies. However, they do not achieve complete removal of Alexa Fluor 647

signal. The whole signal must be removed or the images acquired in the next step

in the sequence may partially include the previous signal. Even if the signal simply

appears as diffuse background, this may reduce the quality of the reconstruction as

SMLM is highly sensitive to any background signal. To address this, Yi et al. (2016)
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combine the elution method with bleaching using the microscope illumination. By

using directly labelled primary antibodies, they achieved sequential labelling of up

to 25 epitopes on T-cells. Nonetheless, this method was performed manually.

In contrast to antibody removal protocols, bleaching based protocols have,

however, been adapted to fully automated in-situ systems (Gerdes et al., 2013;

Schubert et al., 2006). By using commercially available and fully validated directly

labelled primary antibodies, these systems have been demonstrated to achieve up to

100 labelling rounds. Three major methods to bleach fluorescence have been used:

using microscope illumination (Schubert et al., 2006; Nanguneri et al., 2012); a

basic hydrogen peroxide solution (Gerdes et al., 2013; Lin, Fallahi Sichani and Sor-

ger, 2015; Lin, Fallahi Sichani, J.-y. Chen et al., 2016); sodium borohydride (Tam

et al., 2014) or a combination of sodium borohydride and microscope illumination

(Valley et al., 2015). Most prior work has focused on widefield or confocal imaging

of tissue sections. Lin, Fallahi Sichani and Sorger (2015) have extended the hydro-

gen peroxide method to single cells and, interestingly, when testing the bleaching

rate of different fluorophores, they found Alexa Fluor 647 to bleach the most effect-

ively. However, they found 1 hour is required to fully bleach all forms of fluorescent

dyes. Tam et al. (2014) and Valley et al. (2015) extended the bleaching concept to

dSTORM and focus on sequential imaging steps that use only Alexa Fluor 647, as

it is the best performing dSTORM dye (Dempsey et al., 2011). Both works demon-

strate multi-colour dSTORM imaging by bleaching Alexa Fluor 647 in between

imaging and staining cycles. Their method uses 0.1% sodium borohydride for a

period of 10 minutes, which can be useful for high-throughput super-resolution ima-

ging as any reduction in processing time results in an increase in throughput. Valley

et al. (2015) also measure the efficiency of sodium borohydride to fully remove

fluorescence in SMLM and determined an additional laser illumination bleaching

step is required to achieve full removal. With an automated in-situ system, this

would be straightforward to implement and could be done simultaneously with the

sodium borohydride incubation.

In addition to eluting or bleaching standard antibodies, probe exchange tech-
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niques have recently been developed which enable highly multiplexed super-

resolution imaging (Jungmann, Avendaño et al., 2014; Kiuchi et al., 2015; Agasti et

al., 2017). These techniques are largely based on the points accumulation for ima-

ging in nanoscale topography (PAINT) method (Sharonov et al., 2006). In PAINT,

the sample media contains a dye which binds to a target of interest. Whenever a

dye-molecule attaches to its target, it will either attach transiently and then diffuse

away, or it will be bleach after a period of time. If the dye concentration is suf-

ficiently low, these events will be registered as a single molecule events, enabling

SMLM imaging. Sharonov et al. (2006) demonstrated PAINT by imaging a mem-

brane dye, Nile Red, binding in supported membrane bilayers and Giannone et al.

(2010) extended the concept by imaging ligands transiently binding specific mem-

brane molecules. One incarnation of the concept, the Binding-activated localisation

microscopy (BALM) method, has been developed to image deoxyribonucleic acid

(DNA) by using DNA-binding dyes (Schoen et al., 2011) such as YOYO-1. To

study DNA origami (DNA nano-structures which have been engineered to adopt a

specific shape) Jungmann, Steinhauer et al. (2010) modified the PAINT concept to

perform SMLM imaging of DNA origami by using short (≈10 base pairs) single-

stranded DNA (imaging strands) which transiently complement target strands on

a DNA origami. This technique, termed DNA-PAINT, was then extended to bio-

logical imaging by modifying antibodies with the complementary (target) strand

(Jungmann, Avendaño et al., 2014). While there has been prior work using erasable

complex DNA-antibody conjugates to enable multiplexing (Schweller et al., 2012),

DNA-PAINT simplified the antibody labelling scheme while enabling SMLM ima-

ging. DNA-PAINT does not require strong laser illumination, a buffer whose effect-

iveness degrades over time or SMLM specific fluorophores. Importantly, bleaching

of the sample is not an issue with DNA-PAINT because there is a practically in-

finite source of replacement imaging strands. DNA-PAINT also allows imaging

over arbitrarily long time periods, enabling higher SMLM localisation densities and

therefore, higher resolution (Legant et al., 2016). One drawback is the fact there

are multiple DNA strands in solution during imaging, meaning the entire sample
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has a constant background of dye which has to be rejected by some method like

TIRF (Schnitzbauer et al., 2017). An alternative method uses Förster Resonance

Energy Transfer (FRET), where the fluorescence signal observed is a result of dyes

in the imaging strands coming into close contact with the target strands, enabling

background-free DNA-PAINT imaging (Auer et al., 2017).

DNA-PAINT also enables straightforward multiplexed SMLM imaging. A

sample can be labelled with multiple antibodies, each with a unique target DNA

strand. To image antibody A, the sample is immersed in imaging strands which com-

plement the target strands on A. The sample is imaged and the imaging strands are

washed away. A new imaging strand can then be added for antibody B, followed by

imaging. These cycles of washing and imaging can be repeated for as many targets

as required, and it is called the Exchange-PAINT method (Jungmann, Avendaño

et al., 2014; Agasti et al., 2017). This type of probe exchange sequential imaging

has the advantage that, when compared to the previously mentioned sequential la-

belling techniques, only one staining step is necessary and the probe exchange step

requires only 10 to 20 minutes of washing (Schnitzbauer et al., 2017). On the other

hand, the constant diffusion of background molecules also implies exposure times

lasting hundreds of milliseconds are often preferred to minimize spurious detections

(Schnitzbauer et al., 2017). Such long exposure times can increase acquisition times

to last more than an hour, potentially offsetting the benefit offered by not requiring

a staining step.

Regardless of the method (antibody removal, bleaching or probe exchange),

sequential labelling has yet to be implemented in a high-throughput super-resolution

context. While the benefits offered by sequential labelling have yet to be fully

harnessed, online fixation is also an under-explored technique.

4.1.2 Adhesion of Migratory Animal Cells During Cell Division

As a demonstration of the power of online fixation, the NanoJ-Optofluidics

framework was used to address the origin of adhesion during mitosis. Most an-

imal cells in culture undergo dramatic cell shape changes as they progress through

mitosis. First of these is the process of cell rounding, requiring extensive remodel-
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ling of the cell’s cytoskeleton and cellular adhesion (Ramkumar et al., 2016). Mi-

gratory animal cells adhere to the extracellular matrix through integrins, and these

link to the actin cytoskeleton through focal adhesions (Parsons et al., 2010). These

are complex multi-molecular assemblies (Kanchanawong et al., 2010) important

for cell migration (Parsons et al., 2010), mechano-transduction (Bershadsky et al.,

2003) and cytoskeleton regulation and signalling (Burridge et al., 1996; Geiger et

al., 2001). For cells to undergo the cell shape changes required for mitosis, these

focal adhesions must be disassembled (Marchesi et al., 2014) but cells retain adhe-

sion to their substrate by means of retraction fibres (Mitchison, 1992). These are

narrow, actin-rich, membrane tubes which are established as the cell changes shape

for cell division. They have been shown to be able to support significant forces des-

pite lacking myosin II and are important in orienting the metaphase spindle (Théry

et al., 2005; Fink et al., 2011) and assisting with cellular re-spreading after mitosis

(Cramer et al., 1993; Mali et al., 2010). Despite their importance, the adhesion

mechanism and the origin of retraction fibres remains unclear. Interestingly, Toy-

oshima et al. (2007) have shown mitotic cells orient their spindle using an unknown

form of integrin-mediated, actin-dependent adhesion. Since retraction fibres ad-

here to the substrate and are also important for spindle orientation, it is possible the

integrin-dependent effect they have observed is due to retraction fibres. This would

imply retraction fibres adhere to their substrate through integrins, which are usually

deposited by focal adhesions.

4.1.3 Dynamics of Adhesion Nano-clustering During T-cell

Motility

Beyond either performing online fixation or sequential labelling, microfluidics

allows both techniques to be combined in a straightforward manner. The ability

to perform super-resolution imaging also adds target specific structural information

which would be difficult to acquire otherwise. By combining information regarding

a cell’s dynamic behaviour, multiplexed labelling and nano-scale structural inform-

ation, an integrated microfluidic and imaging system can provide unparalleled ac-

cess to biological information. As a demonstration of this, the NanoJ-Optofluidics
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framework was used to address questions regarding the impact of nano-clustering

of signalling components of adhesions on T-cell mobility.

T-cells or T-lymphocytes are part of the immune system and originate in the

thymus (hence the name). Naïve T-cells encounter antigens in the lymph nodes

or periphery on contact with antigen-presenting-cells, at which point they become

effector T-cells (Janeway, 2001). Effector cells are highly motile and can achieve

velocities as fast as 25µm/min inside a mouse (Miller, 2002). This increased ve-

locity is required for T-cells to find pathogens in the body (Dustin, 2004; Woolf

et al., 2007; Teijeira et al., 2017). They migrate along the vasculature, between

endothelia (diapedesis), within tissues and along dendritic cells in the lymph nodes

(Friedl et al., 2008). Different types of integrins assist T-cells to adhere to other

cells, the extracellular matrix or other substrates as well as assist with intercellular

signalling (Shannon et al., 2015). In particular, the Lymphocyte function-associated

antigen 1 (LFA-1) integrin connects flowing actin with the substrate below in a sys-

tem called the ‘molecular clutch’ using many well known focal adhesion molecules

to make the actin link, such as Paxillin, Talin and Vinculin (A. Smith et al., 2005;

L. Chen et al., 2012; Katakai et al., 2013). LFA-1’s function is important for T-cell

function as it is require for T-cells to establish contact with antigen-presenting-cells

(Janeway, 2001). LFA-1 groups into nano-scale clusters upon binding to its cognate

ligand Intercellular Adhesion Molecule 1 (ICAM-1), and therefore super-resolution

is required to identify these nano-clusters (Shannon, in preparation; Shannon et al.,

2015). These adhesive nano-clusters are still not fully understood. One question is

how these nano-clusters relate to normal adhesions. In other motile cells such as

fibroblasts, cellular adhesions begin as small nascent adhesions at the leading edge

of a cell. Nascent adhesions turn-over quickly (≈ 60 seconds) but some will grow in

size, and eventually mature into elongated focal adhesions with ≈ 3µm in diameter

and ≈ 3− 10µm in length (Parsons et al., 2010). If nano-scale clusters are related

to normal adhesions, they should bear the same markers and follow similar matur-

ation patterns. Nascent adhesions can specifically be identified by focal adhesion

kinase proteins which are phosphorylated at tyrosine 397 (pFAK) (Swaminathan
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et al., 2016). As nascent adhesions mature, they activate Src family kinases (SFK)

by phosphorylating them (Schlaepfer et al., 1999; Zhang et al., 2008). Work in the

Owen lab indicates LFA-1 nano-clusters have a fast turn-over, and co-localise with

pFAK and SFK proteins, similarly to normal cellular adhesions (Shannon, in prepar-

ation). Additionally, the same work has suggested that, when T-cell speed is affected

through drug perturbation or genetic manipulation, nano-clustering of LFA-1 is af-

fected (Shannon, in preparation). Whether this is a side-effect of the perturbations

or there is a natural dependence between T-cell speed and LFA-1 nano-clustering

remains unclear. The only way to address this is to know the speed of each indi-

vidual cells as well as their individual cluster patterns, meaning this question can

only be answered by imaging cells live and fixing them in-situ.

4.1.4 Chapter Scope

It is the goal of this chapter to demonstrate the development of an effective se-

quential labelling technique for in-situ imaging with microfluidics. Different elution

and bleaching techniques were tested in the context of both cell culture dishes and

PDMS devices. The NanoJ-Optofluidics framework is then used as a proof of prin-

ciple for a high-throughput compatible, in-situ sequential labelling experiment. To

demonstrate biological applicability, the NanoJ-Optofluidics framework addresses

the retraction fibre hypothesis using online fixation. The framework is also used

for online fixation, sequential labelling and super-resolution imaging of T-cells to

explore the relationship between T-cell speed and adhesion nano-clustering.
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4.2 Results

4.2.1 Methods for High-Throughput Sequential Labelling In-

situ

In a high-throughput context, any sequential labelling protocol ideally requires

as short a processing time as possible. However, secondary labelling simplifies ex-

perimental design since it allows the use of off-the-counter, reliable commercial

secondary antibodies. Secondary labelling also significantly increases label dens-

ity and the more labels there are present in an image, the faster a super-resolution

image can be acquired (Agasti et al., 2017). Therefore, if the linkage-error arising

from having two antibodies stacked can be accepted, secondary labelling can po-

tentially compensate for the increased labelling time in a high-throughput SMLM

experiment. As a first approach, a Glycine acidic solution (pH 2.0) was tested as

established by Nakane (1968), but several hours were required before a significant

signal reduction was observed and this was not pursued further.

Next, the method established by Tramu et al. (1978) was attempted using

NanoJ-Optofluidics. While more recent implementations of this method (Micheva

et al., 2007) heat the sample, the original paper did not. These techniques were

established in tissue samples, where heating the sample for antigen retrieval is com-

mon. Cultured cells often require no heating and have shorter processing times.

Since the newer paper does not justify the use of heating, it is not unreasonable to

consider heating is added to accelerate the chemical process, but may not be ne-

cessary. The acidic buffer was tested to elute secondarily labelled cultured cells at

room temperature. Initial attempts made use of PDMS devices and were successful

in removing all signal from cells (figure 4.1). However, the tendency of the acidic

buffer to generate bubbles proved it inadequate for use in PDMS. Simultaneously,

transmitted light imaging during the elution process revealed severe alteration of

cell structure, to the point where flowing liquid in the PDMS device could strip

cells from the glass substrate (figure 4.2). Because of this impact, the acidic solu-

tion was not pursued further.
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Figure 4.1: HeLa cell having its signal removed by an acidic buffer. A - Transmitted
light image of the cell; B - Vimentin secondarily labelled with Alexa Fluor 488; C -
Microtubules secondarily labelled with Alexa Fluor 647; D-F - Channels A-C after 70
seconds of incubation in acidic buffer, respectively. Contrast was adjusted to demonstrate
only camera noise is visible after incubation in buffer. The mean of the camera grey
values for signal resulting from the cell is ≈ 21,000 in B and ≈ 10,000 in C, whereas E
and F both have a mean value of ≈ 1,570. Scale-bar: 10µm.
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Figure 4.2: Cells being washed away in a PDMS device after acidic buffer elution. Images
are shown after background correction and frames are labelled by their time-stamps in
minutes. Scale-bar: 10µm.
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Figure 4.3: HeLa cell having its signal removed using the madSTORM buffer. A - Mi-
crotubules labelled with Alexa Fluor 647 prior to elution; B - Cell signal is reduced by
≈ 90% after 5 washes of 1 minute each. Contrast was adjusted to demonstrate structure
is still present; C - Cell signal remains stable after 10 further washes of 5 minutes each.
Contrast was adjusted to demonstrate structure is still present. Scale-bar: 5µm.

One way to elute antibodies is through denaturation, as demonstrated by meth-

ods which primarily use heating to remove antibodies (Kolodziejczyk et al., 1986).

Biochemical in-vitro assays of antibody function use dithiothreitol (DTT) to reduce

the disulphide bonds that make up an antibody’s secondary structure. Disulphide

bonds keep together the two components of an antibody, the light and heavy chains,

and the binding site for antigens is found between these two chains (Moser et al.,

2010). One in-vitro DTT assay (Hong et al., 2009) tested the structural changes over

time caused by DTT and yielded that within 5 minutes, no more effect is seen on

antibody structure. Here, DTT was tested as a possible fast elution agent, using cell

culture dishes and manual procedures. Cells secondarily labelled for microtubules

(Alexa Fluor 488) and vimentin (Alexa Fluor 568) were incubated for 10 minutes

in 20mM DTT, with the DTT solution replaced once during the incubation period.

Despite the fact the 20mM concentration corresponds to twice the concentration

used in the in-vitro assay, only a 20-30% reduction in signal was observed, and

subsequent incubations with DTT did not further decrease the signal (not shown).

It is possible that the light and heavy chains were indeed separated, but this did

not significantly affect the ability of the individualised chains to bind to their tar-

gets. Because the fluorophores can be in either chain, we posited that this might

not be sufficient to clear the signal. Given the inability to achieve significant signal

reduction, DTT denaturing was not pursued further.
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Chaotropic agents are also frequently used to elute antibodies from affinity

purification columns (Narhi et al., 1997). After early attempts at establishing a

protocol using a 3.5M MgCl solution (not shown), Yi et al. (2016) published the

madSTORM buffer, also based on a 3.5M MgCl solution, but they demonstrate that

the addition of a detergent, Tween-20, assisted with the elution process. Interest-

ingly, many other successful elution methods have included the detergent Sodium

dodecyl sulfate (SDS) (Pirici et al., 2009; Gendusa et al., 2014; Bolognesi et al.,

2017). The Yi et al. (2016) method, called madSTORM, requires only 3 washes of

2 minutes each with the buffer to achieve elution in T-cells labelled with directly

labelled primary antibodies. To test if the same buffer could elute secondarily la-

belled cells, HeLa cells were fixed and stained for microtubules with Alexa Fluor

647 in cell culture dishes. After washing manually 5 times for 1 minute with the

madSTORM buffer, ≈ 90% of the signal was removed, but some structure was still

visible (figure 4.3 A,B). Repeating the process on the same cells 10 times for 5

minutes each, the signal was never completely removed (figure 4.3 C), even after

incubating the cells in madSTORM buffer overnight (not shown). Overall, with

secondarily labelled cells, the signal could be significantly removed, but never com-

pletely, which makes the madSTORM buffer applicable only for experiments with

directly-labelled primary antibodies.

To achieve a complete signal removal with madSTORM, the remaining signal

must be bleached. As a complementary strategy, signal removal by bleaching was

also tested. Two solutions were tested: hydrogen peroxide and a 0.1% sodium boro-

hydride solution. Both of these solutions generated significant air bubbles, which

made them inapplicable for use with PDMS devices, but worked well with cell cul-

ture dishes (not shown). While signal removal could be achieved with both, sodium

borohydride was found to act the fastest (10 minutes versus 1 hour). Signal removal

was accelerated when simultaneously exciting the samples with the illumination

laser (not shown; as previously described in (Lin, Fallahi Sichani and Sorger, 2015;

Valley et al., 2015)).
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Figure 4.4: Super-resolution Exchange-PAINT imaging of HeLa cells secondarily
immuno-labelled for microtubules and vimentin. A - DNA-PAINT reconstruction of Mi-
crotubules; B - DNA-PAINT reconstruction of Vimentin after the microtubule strand was
washed away; C - Overlay of A and B. Scale-bar: 3µm.

4.2.2 Multi-modal, Sequential Labelling Super-Resolution Ima-

ging Enabled by Automated Microfluidics

While madSTORM and bleaching can remove a labelling from a cell, both

techniques require the sample to be restained before a new target can be imaged.

With Exchange-PAINT, however, only one staining step is required. As an al-

ternative approach, super-resolution exchange paint was tested with the NanoJ-

Optofluidics platform. Cells were manually fixed and stained for microtubules and

vimentin using DNA-PAINT tagged antibodies. First, to image microtubules, cells

were immersed in imaging strands which complement the target strands attached to

the microtubule’s secondary antibody (figure 4.4 A). After imaging the cells, they

were washed of imaging strand, immersed in new strands targeting vimentin’s sec-

ondary antibody and imaged (figure 4.4 B,C). This process was achieved in-situ,

without requiring the sample to be removed from the microscope, but was achieved

manually.

It is worth noting that any of the above mentioned techniques can be performed

in tandem. Therefore, different techniques can be used according to experimental

preference. The NanoJ-Optofluidics platform also offers the option to perform on-

line fixation, meaning cells can be imaged live, fixed in-situ, immuno-stained and

imaged without ever needing to be removed from the microscope. As a proof of

concept, HeLa cells stably expressing Tubulin-GFP were cultured on a glass bottom
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Figure 4.5: Multi-modal super-resolution imaging with NanoJ-Optofluidics. Live TIRF
and online fixed super-resolution imaging of the cytoskeleton of a representative HeLa
cell. A-C) Live TIRF imaging of tubulin-GFP. A microtubule (yellow arrows) could seen
growing just prior to fixation; D) DNA-PAINT imaging of the same microtubule. Scale-
bar: 2µm; E) Full cellular view of the DNA-PAINT imaging of the microtubules and
dSTORM imaging of vimentin (F) and actin (G). Scale-bar: 3µm.

cell culture dish and imaged live for 6 minutes while immersed in 1.5mL of Ringer’s

solution. 19 cells were imaged by visiting multiple FOV’s throughout the time-

lapse. Using NanoJ-Optofluidics, 0.5mL of 16% PFA was added to the dish, result-

ing in a working concentration of 4%, and cells were fixed for 10 minutes (figure 4.5

A-C). After fixation, the cells were permeabilised, stained using a primary anti-

body against tubulin, washed and secondarily stained using a DNA-PAINT labelled

antibody. After staining, the cells were immersed in imaging strands and DNA-

PAINT super-resolution imaging was performed (figure 4.5 E). It should be noted

microtubules are notoriously sensitive to temperature and fixation, and the PFA di-

lution method using NanoJ-Optofluidics has shown consistent fixation performance

throughout several experiments (not shown). The resulting super-resolution fixed

images show good correlation with the live images (figure 4.5 C-D). After imaging,

the DNA-PAINT strands were washed away, and the cells were stained for vimentin

with a primary antibody directly labelled with Alexa Fluor 647. Having washed the
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antibody away, the pumps added dSTORM imaging buffer, allowing dSTORM ima-

ging to be performed (figure 4.5 F). Once vimentin imaging was finished, the label

was bleached using 0.1% sodium borohydride and the microscope’s illumination

for 10 minutes. This permitted a new staining, with Phalloidin-Alexa Fluor 647,

followed by new addition of fresh dSTORM buffer (figure 4.5 G). As a result, auto-

mated three-colour SMLM has been achieved (figure 4.5 E-G). Overall, figure 4.5

demonstrates the NanoJ-Optofluidics platform has enabled cultured cells to be on-

line fixed, immuno-stained and sequentially labelled in-situ in an automated man-

ner. In a collaboration with the Jungmann lab, who developed Exchange-PAINT,

the cell culture dish technique described in chapter 3 was adopted in (Schnitzbauer

et al., 2017), further demonstrating the simplicity of the approach.

4.2.3 Online Fixation Reveals Origin and Adhesion Mechanism

of Retraction Fibres

Having succeeded in a proof of principle experiment, the NanoJ-Optofluidics

platform was applied the study of retraction fibres. Here, it is hypothesized that

retraction fibres adhere to the substrate through integrins. Should this be true, it can

be further hypothesized that these integrins would be deposited by focal adhesions,

which disassemble prior to mitosis. To test this, an adherent and migratory human

cell line, the Retinal Pigmented Epithelial cell line (RPE1), was used. To track

focal adhesion dynamics, RPE1 cells were stably transformed with a Zyxin-GFP

plasmid. Zyxin is a dynamic cytoplasmatic signalling component of focal adhe-

sions which also interacts with actin (Burridge et al., 1996; Kanchanawong et al.,

2010; M. A. Smith et al., 2014) and here serves as a marker for functional focal

adhesions. Live-imaging with Zyxin-GFP shows focal adhesions are disassembled

prior to mitosis (figure 4.6 D, green channel). Paxillin in RPE1 cells, an important

focal adhesion scaffold protein (Parsons et al., 2010; M. C. Brown, 2004), recapit-

ulated the observed Zyxin-GFP signal over similar time-scales (data not shown),

as previously described (Marchesi et al., 2014). To enrich the population of mi-

totic cells, cells were seeded in imaging dishes and synchronised prior to mitosis

by incubating them in media containing 9µM Ro-3306, a CDK1 inhibitor. Us-
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ing the NanoJ-Optofluidics framework, cells had the media containing the inhibitor

washed away, and it was replaced with 1.5mL of fresh media. Taking advantage of

the highly automated capacity of the NanoJ-Optofluidics it was possible to approach

this problem in a high-throughput manner, selecting several random stage positions

to be imaged over a 26 minute period, at 1.5 minute intervals. The cells were then

fixed by adding 0.5mL of 16% PFA to the media, diluting the PFA in-situ to a work-

ing concentration of 4%. The cells were then stained with DAPI, Phalloidin-TRITC

and secondarily immuno-labelled for integrin using Alexa Fluor 647.

Roughly 25% of the stage positions contained dividing cells (two replicates:

40 out of 180 and 30 out of 100 FOV), whereas one experiment performed without

incubating cells in the inhibitor yielded only roughly 5% of stage positions con-

taining mitotic cells (4 out of 80 FOV). This demonstrates the synchronisation step

performed with the NanoJ-Optofluidics resulted in an ≈ 5-fold increase in mitotic

cells being acquired. Fixed cells which appeared mitotic through the DAPI signal

(figure 4.6 A) contained retraction fibres (figure 4.6 C,I-III) and, at the coverslip

surface, all of the observed retraction fibre signal coincided with an integrin sig-

nal (figure 4.6 I-III). By comparing the fixed integrin signal with the Zyxin-GFP

live imaging signal, it was observed the integrin signal always coincided with past

locations of Zyxin positive focal adhesions (figure 4.6 D). The same pattern was

consistent throughout the 3 replicates of the experiment. One interesting additional

observation is that while in fixed interphase cells integrin consistently locates to

Zyxin-GFP sites (figure 4.7), when cells enter mitosis, the Zyxin signal seems to

stop correlating with the integrin signal. In figure 4.6 D, this can be seen in the

difference between timepoints 12 and 15, and this effect was consistently observed

on all imaged cells.
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Figure 4.6: Online fixation reveals integrin link to retraction fibres and a focal adhesion
associated origin. Shown is a representative mitotic RPE1 cell which was imaged live,
fixed and stained using the NanoJ-Optofluidics framework. A - DAPI signal of chromo-
somes in metaphase above the focus; B - Integrin signal; C - Phalloidin signal. The cell
body has a much more intense signal than the retraction fibres and therefore the image
was gamma adjusted to enhance visibility (γ = 0.05). Scale-bar: 15µm; I-III - Zoom of
the regions of image C labelled as i-iii, with the integrin signal (B) overlaid. Scale-bar:
5µm; D - Time-lapse of the cell shown in A-C prior to fixation. Green channel - Live
zyxin-gfp imaging; Red channel - post-fixation integrin signal (B). Frames are labelled
by their time-stamp in minutes. Scale-bar: 5µm.
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Figure 4.7: Four example interphase cells demonstrating integrin signal corresponds to fo-
cal adhesion (Zyxin-GFP) sites. Green channel - Fixed Zyxin-GFP imaging; Red channel
- Fixed integrin signal; Scale-bar: 5µm.

4.2.4 Online Fixation and Super-Resolution Sequential La-

belling Reveals Link Between T-cell Speed and LFA

Cluster Size

Having demonstrated a biological application for online fixation and staining,

NanoJ-Optofluidics was next used to study T-cell motility and adhesion. T-cells ad-

here to other cells through LFA-1 (Janeway, 2001; A. Smith et al., 2005; L. Chen

et al., 2012; Katakai et al., 2013) and their motility is important for their immun-

ological function (Dustin, 2004; Woolf et al., 2007; Teijeira et al., 2017). Work

in the Owen lab has indicated a potential link between T-cell motility and LFA-

1 nano-clustering (Shannon, in preparation). To address this, NanoJ-Optofluidics

was used to automatically fix cells after measuring their speed and immuno-stain

for LFA-1. Primary T-cells were seeded on ICAM-1 coated dishes and allowed

to settle. By tiling fields of view 6x6, and imaging over a period of 10 minutes

with transmitted light, the cells could be tracked even if they left their starting FOV.

After fixation, these cells were immuno-stained with a directly labelled antibody

for LFA-1, dSTORM imaged and the resulting data was analysed using a Bayesian

cluster analysis algorithm (Griffie et al., 2016). Because Bayesian cluster analysis

is dependent on the size of the ROI to provide an accurate answer, several ROI’s

were measured for each cell. The insets in figure 4.8 A and B show two represent-

ative cells, cell tracks and cluster data. Overall, the average per-cell size and LFA-1

density of the clusters was uncorrelated with cell speed (not shown). However, the

number of clusters for each cell was inversely correlated with T-cell speed (n=16,
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Figure 4.8: Online fixation and super-resolution imaging reveals a correlation between T-
Cell speed and the number of LFA clusters. A,B) Example images of clusters identified
on slow (A) and (B) fast cells. Insets show representative cells and their relative cell track
difference; C - Number of clusters measured per ROI on each T-cell versus average cell
speed. Blue dots correspond to individual cells whereas the orange line shows the least
squares fit (see table 4.1 ).

figure 4.8 and table 4.1). This demonstrates that T-cell speed naturally correlates to

the number of LFA-1 clusters.

Motile cells continuously disassemble their adhesions as they migrate. T-cells

are highly motile and it seems that this speed leads to a reduction in the number

of adhesive clusters. It can then be hypothesised that this speed does not allow

enough time for adhesions to mature in the same way as nascent adhesions in non-

leukocytes. Were this to be true, faster cells should have a smaller number of mature

adhesions. pFAK and phosphorylated SFK proteins (pSFK) can serve as markers

for different stages of nascent adhesion maturation (Swaminathan et al., 2016; Sch-

laepfer et al., 1999; Zhang et al., 2008). To test the above hypothesis, pFAK and

pSFK were sequentially labelled using directly labelled primary antibodies and im-

aged in the same cells as in figure 4.8. Because focal adhesions are tightly packed

structures (Kanchanawong et al., 2010), elution should be helpful to reduce steric

hindrance and therefore the madSTORM protocol was used1. While pSFK showed

a weak correlation to cell speed, pFAK, which appears earlier in maturation than

SFK phosphorylation (Zhang et al., 2008), showed no correlation (table 4.1). There-

fore these results do not allow a conclusion to be reached regarding T-cell adhesion

maturation. Nevertheless, the results demonstrated NanoJ-Optofluidics was suc-

1This protocol was optimised in the Owen lab for primary antibodies. See section 4.3.4.
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Marker Pearson Coef. Adjusted R-Squared p-value
LFA-1 -0.851 0.704 2.9218e−5

pSFK -0.540 0.241 0.031
pFAK 0.1616 0.0434 0.550

Table 4.1: Correlation values between the number of clusters of different adhesion markers
and T-cell speed. Pearson Coef. - Pearson correlation coefficient; Adjusted R-
Squared and p-value are given for a least squares linear fit.

cessfully used for online fixation, staining, super-resolution imaging and sequential

labelling to address a biological question.
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4.3 Discussion

4.3.1 Antibody Elution Methods for Microscopy

The elution methods tried in section 4.2.1 yielded mixed results, with bleach-

ing and Exchange-PAINT demonstrated as the more straightforward approaches.

However, it is interesting to note the use of madSTORM sequential labelling in sec-

tion 4.2.4. These results were obtained in collaboration with the Owen lab, which

had previously tested the madSTORM protocol successfully. The madsSTORM

buffer was not observed to elute efficiently in section 4.2.1, but there are several

differences between the two experiments. Most importantly, the T-cell results were

obtained using primary antibodies, whereas prior tests were performed on second-

arily immuno-labelled cells. It is often the case that different antibodies can have

different affinities for their targets (Eisen, 2014; Pierobon et al., 2011), and this

is especially the case if the antibody is provided as polyclonal stocks, like those

used here. Polyclonal stocks contain several species of antibodies which are se-

lective for the same target protein, but not necessarily for the same antigen (Saer-

ens et al., 2008; Pierobon et al., 2011). Antibody suppliers tend not to provide

biochemically assayed affinity values such as a the kd , or equilibrium constant.

This constant determines what concentration is require to achieve an equilibrium

between binding and dissociating antibodies (Reverberi et al., 2007). The lower

this value, the greater the affinity of an antibody to its target. As a proxy for this

value, the concentration a supplier recommends to perform a staining can be used.

The primary antibodies used in section 4.2.1 had recommended concentrations ran-

ging from 0.025 to 1µg/mL, whereas the secondary antibodies ranged from 0.1 to

1µg/mL. In section 4.2.4, the primary antibody against LFA-1 has a recommended

concentration of ≈ 9µg/mL and the pFAK antibody has a recommended concen-

tration of 1−2µg/mL. A posteriori coupling to a fluorescent dye can lower affinity

as well. It is possible the signal removal with these primary antibodies succeeded

because elution was more successful with antibodies of potentially lower affinity.

Additionally, the antigen abundance is orders of magnitude greater for microtubules
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and vimentin than for LFA-1, pFAK or SFK.

In the original madSTORM paper, they attempt to distinguish between bleach-

ing and elution by comparing cells stained with one antibody and these were either

fixed with 4% PFA after the staining (post-fixed) or were not post-fixed (Yi et al.,

2016). The post-fixed cells required more washes with the elution buffer, imply-

ing the antibodies were not being removed as effectively due to PFA cross-linking

the antibodies to the cell. Yi et al. (2016) do not claim to fully remove the prior

signal and never validate their elution process by performing a secondary stain-

ing against any remaining primary antibody. When performing sequential labelling

with primary antibodies, this is generally not a concern as there is no issue of an-

tibody cross-talk. This means that they can not distinguish elution from bleaching

when they observe a signal reduction. In fact, to ensure full signal removal in sec-

tion 4.2.4, bleaching was performed during elution by shinning the sample with the

microscope illumination at full power. Overall, the madSTORM protocol can po-

tentially be considered a combination of elution and bleaching, limiting the use of

the protocol to sequential experiments using primary antibodies. Nonetheless, this

is still a useful approach for dense multi-molecular structures such as the T-Cell

receptor complex studied in the madSTORM paper and the nano-clustered focal

adhesions studied in section 4.2.4.

There are many examples of other multi-molecular structures throughout the

cell. Therefore, elution approaches still warrant further investigation. Specifically,

the low pH approach shown in figure 4.1 could be optimised to reduce the impact

on cellular structure. First, the flow-rates used in the PDMS devices (figure 4.2)

were not fully optimised and it is possible that, using the cell culture dish approach,

the elution process is more gentle. Second, tissues undergo prolonged fixation and

paraffin embedding which is likely to increase structural integrity. Because of the

extracellular matrix, tissue sections are also potentially more stable than single cells

attached to glass. The fixation step used in most of the protocols used in this thesis

has been a standard 4% PFA fixation for 10 minutes. Greater cellular stability could

be achieved by performing more efficient fixation, either by incubating longer, using



4.3. Discussion 153

glutaraldehyde in addition to PFA, or by using the PFA pH-shift method (Berod

et al., 1981; Eldred et al., 1983). This method is based on the fact PFA is more

efficient at high-pH levels and by fixing first at a physiological ph (≈ 7.4) and then

shifting to a more basic environment, cells could be fixed more efficiently. Should

the protocol be optimised sufficiently to not cause structural damage to the sample,

it is still not clear whether the signal removal that was observed was due to elution or

bleaching. Cells would have to be eluted and then counter-stained using secondary

antibodies to determine the efficiency of elution. PDMS-based flow-cells could

not be used with this elution buffer due to the air bubbles generated, and the shear

stress generated from flow-rates inside the channels could damage eluted cells. The

NanoJ-Optofluidics platform however, can be used to perform any these protocols

due to reduced shear stress and regardless of the presence of bubbles.

4.3.2 Multiplexing Methods for High-Throughput Super-

Resolution Microscopy

The need to perform multiple rounds of staining can be limiting in a high-

throughput experiment. Liquid exchange is fast when compared with the amount

of time an antibody incubation can take. For researchers using microscopes in mi-

croscopy facilities that charge imaging time, any time that is lost while perform-

ing imaging can be prohibitively expensive. There are methods to reduce staining

times, however. With secondary antibody stainings, the secondary incubation step

may be skipped if primary antibodies are pre-labelled with fluorescently-tagged Fab

fragments (J. K. Brown et al., 2004; Smolinski et al., 2006). The antibody incub-

ation time itself can be optimised, as the standard 1 hour incubation is a generic

guideline and high-affinity antibodies can have shorter incubation times (Johnstone

et al., 1990; Reverberi et al., 2007). This can be improved with higher temperat-

ures, as these reduce the time required to each equilibrium, so for an in-situ staining

with a microscope incubator set at 37C, the incubation time can be reduced further

(Johnstone et al., 1990; Reverberi et al., 2007). Increasing the antibody concentra-

tion will also reduce the total required incubation time. Usually, working antibody

solutions are diluted considerably to reduce cost but with the small volumes used
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with the NanoJ-Optofluidics framework, the solutions can be concentrated slightly

and yet still significantly assist with reducing incubation times.

It would be ideal for in-situ high-throughput experiments to not require a stain-

ing step at all. Recently, the IRIS, or integrating exchangeable single-molecule loc-

alisation method, has been developed (Kiuchi et al., 2015). IRIS uses a concept

similar to PAINT in that a sample is immersed in a probe which only temporarily

binds to its target. SMLM is achieved by imaging these binding events. IRIS is

different from DNA-PAINT in that it does not require a DNA-labelled probe that is

stably attached to it’s target, like an antibody. This means the sample only needs

to be immersed in the probe, and imaging can be done without requiring a staining

protocol. Kiuchi et al. (2015) use Lifeact, an actin specific peptide probe (Riedl et

al., 2008), to achieve high-density SMLM imaging of the actin cytoskeleton. This

can be achieved because life-act has a binding half-life of only 44ms (Kiuchi et al.,

2015). To image other targets, they tested the ability to wash away and the bind-

ing half-life of cellular proteins known to bind to specific structural targets, such as

CLIP-170 (Komarova et al., 2002). CLIP-170 only binds to growing microtubules,

but nonetheless, it allowed them to image these with super-resolution SMLM. By

testing several different cellular proteins for different targets, like intermediate fila-

ments and focal adhesions, IRIS achieved 4 colour multiplexed imaging.

By combining the ability to perform bleach-free single molecule imaging,

simple multiplexing and removing the need for a staining step, the IRIS approach is

very promising for multiplexed, high-throughput SMLM imaging. The approach of

Kiuchi et al. (2015) to obtain probes other than Lifeact was to test cellular proteins

with known binders. However, all that is required is a probe which is specific, but

has a short binding time/low affinity to its target. In principle, a specific but low af-

finity antibody could be used. Current monoclonal antibodies could be genetically

perturbed to reduce their affinity, thereby enabling IRIS imaging. In recent years,

several new types of synthetic probes have also been engineered against arbitrarily

defined targets (Nanobodies; Holliger et al., 2005; Aptamers Iliuk et al., 2011; Ad-

hirons Tiede et al., 2014; Affimers Bedford et al., 2017). These could be developed
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to be specific but with low affinity, thereby enabling IRIS to be extended to any num-

ber of arbitrary targets. NanoJ-Optofluidics could then leverage these new probes

to perform highly multiplexed SMLM imaging without requiring any staining steps

in between imaging rounds, and therefore greatly increasing throughput.

4.3.3 Integrin from Focal Adhesions Determines Retraction

Fibre Adhesion Sites

By performing live imaging, online fixation and staining with the NanoJ-

Optofluidics platform, a single experiment was able to show retraction fibre attach-

ment sites to the cell-substrate are rich in integrin signal, and this signal corresponds

to sites of prior focal adhesions. Overall, this indicates that focal adhesions leave

behind integrin adhesions sites during their disassembly, which serve as anchoring

sites for the retraction fibres that appear as mitosis progresses and cells become

rounded. While previously published data hinted at such a possible mechanism

(Cramer et al., 1993; Toyoshima et al., 2007), attempts to address it by directly la-

belling integrin for live imaging in the Baum lab have previously failed (not shown).

By using an in-situ fluid exchange experiment, these issues were obviated by being

able to directly correlate live imaging and fixed imaging of the same cells.

In our data, the fixed integrin signal was always tightly correlated with the

Zyxin signal in interphase cells (figure 4.7). In the time-lapse in figure 4.6 D, it

can also be seen the fixed integrin does not overlap exactly with the live Zyxin-GFP

signal until the 12 minute frame, just prior to mitosis. This is likely due to integrin

constantly being deposited and recycled by focal adhesions and therefore the fixed

integrin signal will only correspond to the focal adhesion’s last site of attachment

before these were disassembled for mitosis. However, one interesting observation is

that at frame 15, after the cell has begun rounding up, the integrin signal no longer

overlaps exactly with the Zyxin signal at this point. This means integrin stopped

correlating with focal adhesions between the 12 and 15 minute mark. The focal

adhesions are still seen at minute 15 but they seem to move towards the rounding

cell body, whereas the integrin signal stays behind. This movement of Zyxin signal

towards the cell body while leaving the integrin signal behind is consistent for all
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observed cells. This leads to an hypothesis where, prior to mitosis beginning, there

is a severing of the connection between focal adhesions and integrins, allowing the

rounding up process to initiate even though the full macro-molecular structure of

the focal adhesion has not yet been fully disassembled. Focal Adhesion Kinase

(FAK), Paxillin, Talin and Vinculin all mediate integrin signalling and, when look-

ing at their distribution in focal adhesions, are located nearer to the membrane than

Zyxin (Burridge et al., 1996; Kanchanawong et al., 2010). It would be possible any

of these proteins could be responsible for this severing. This severing hypothesis

could be tested by performing an online fixation and sequential labelling experiment

with the NanoJ-Optofluidics. Zyxin would be imaged live, and actin, integrin, FAK,

Paxillin, Talin and Vinculin would all be sequentially labelled. If focal adhesions

do indeed sever from integrins prior to their full disassembly, whichever proteins

are dragged along with the focal adhesion will be dragged with Zyxin whereas any

protein involved in the severing will either disappear or localize to integrins. There-

fore, the severing hypothesis could be tested and the most likely candidate could be

identified in one microfluidic experiment.

4.3.4 T-cell LFA-1 Nano-Cluster Size is Related to Cell Speed

table 4.1 shows that the the number of LFA-1 clusters in a cell is correlated with

T-cell speed, demonstrating a natural relationship between both. pFAK and pSFK

were also imaged to test whether these clusters show the hallmarks of nascent focal

adhesions, since work in the Owen lab indicates this is the case (Shannon, in prepar-

ation). table 4.1 indicates these two markers are not correlated. However, the mean

number of clusters captured per ROI was ≈ 10 for pFAK and SFK, which is fairly

low. The number of measured cells (16) could be increased for greater certainty

and the fact the experiment lacks replication means these results require further

verification. It is also possible the ROI method required by the Bayesian analysis

has introduced a sampling bias, and using a scale-independent analysis algorithm

may offer a more accurate answer. Many different approaches have been developed

recently (Levet et al., 2015; Mazouchi et al., 2016; Malkusch et al., 2016; An-

dronov et al., 2016) and a more systematic comparative approach may be required
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to identify the algorithm which is most adequate for such low numbers of poten-

tial clusters. Nonetheless, the tentative correlation observed in figure 4.8 C shows

promise and warrants further exploration. It is important to note this kind of single

cell measurement was greatly facilitated by correlative live- and super-resolution

imaging, This kind of correlation could be achieved by using gridded coverslips,

but this would greatly increase the manual workload and therefore significantly in-

crease the time it would take to acquire the data. As it is, the entire experiment

described in section 4.2.4 could be performed in one day, making replication efforts

straightforward.

4.3.5 NanoJ-Optofluidics Enables Dynamic and Multiplexed

Super-Resolution Imaging

There are several experimental approaches which have been enabled by NanoJ-

Optofluidics: drug application/release, online fixation, in-situ staining and sequen-

tial labelling are just the applications demonstrated here.

Capturing mitosis in animal cells is usually difficult due to the short division

time (tens of minutes) compared to the length of the non-mitotic periods (12-24

hours, depending on cell line). By releasing cells from a cell cycle inhibitor (sec-

tion 4.2.3), mitotic cells were enriched by up to 5-fold. This process is highly

time-dependent. In early experiments, the release was performed ex-situ and the

time required to begin the drug release, set up the microscope, and begin imaging

was long enough that most cells had already begun mitosis. This reduced the num-

ber of cells which could be capture at appropriate time-points. By using NanoJ-

Optofluidics to perform the release in-situ, most cells could be fixed at the right

time, demonstrating the advantage of the approach. Any drug application exper-

iment where timing is critical should benefit from this approach. For example, in

depolymerisation assays, microtubules restart polymerisation in a matter of seconds

(Vorob’ev et al., 2003; Gierke et al., 2010; Bearce, 2017). Being able to perform

these assays while the cells are on the microscope should help to increase the rate

of experimental success.

The ability to perform online fixation also has the potential to allow a cell’s
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historical behaviour to be correlated with it’s fixed imaging, allowing structural in-

formation to be tied to dynamic information. The proof of principle experiment

(figure 4.5 C,D) demonstrates how the dynamic behaviour of microtubules can

be determined and correlated with super-resolution imaging. Two examples also

demonstrate the approach is capable of revealing new biology. By imaging focal

adhesions live and correlating with fixed actin and integrin imaging, a distinct ori-

gin mechanism for retraction fibres was demonstrated. Similarly, cell speed can

only be measured live and nano-cluster analysis is best performed in fixed cells. By

correlating both datasets directly, a tentative relationship between a nanoscale scale

process and a macro-scale behaviour could be established.

Multiplexed SMLM imaging is also enabled by the NanoJ-Optofluidics plat-

form. dSTORM imaging has largely been limited to one efficient fluorophore,

Alexa Fluor 647 (Dempsey et al., 2011) and multi-colour imaging is difficult to

achieve without trading off resolution in one channel. Figure 4.5 F and G demon-

strate how, by using bleaching-based sequential labelling, multiple channels can

be acquired using one fluorophore. Valley et al. (2015) used this same method to

achieve 4 colour imaging, but through a manual process. Here, we demonstrated

the protocol can be automated using NanoJ-Optofluidics. In contrast to dSTORM,

Exchange-PAINT has been demonstrated to image up to 9 targets in a single cell.

Up to 50 different imaging strands have recently identified as being compatible for

multiplexing (Agasti et al., 2017). Figure 4.4 demonstrates that Exchange-PAINT

can be achieved using NanoJ-Optofluidics and figure 4.5 E and F show how both

Exchange-PAINT and dSTORM can be achieved in the same cells in an automated

manner. By combining both of these techniques, researchers have a vast array of

multiplexing options available to them.
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4.4 Attributions
Christina Dix of the Buzz Baum lab transformed, maintained, and seeded

RPE1 cells as described in the below methods. The Baum lab, and Christina Dix

specifically, provided the reagents for the experiment and provided the methodolo-

gical information. Where data relating to the RPE1 cells is mentioned as not shown,

this data is the PhD work of Christina Dix (2017, In preparation). Michael Shan-

non of the Dylan Owen lab obtained T-cells, maintained them in culture and seeded

cells as described in the below methods. The Owen lab, and Michael Shannon spe-

cifically, provided the reagents for the experiment and provided the methodological

information. Where data relating to the T-cells is mentioned as not shown, this data

is the PhD work of Michael Shannon (2017, In preparation). Pedro Matos Pereira

of the Ricardo Henriques Lab labelled and tested the secondary antibodies used for

DNA-PAINT in section 4.2.1 and section 4.2.2 using the immuno-staining protocol

described in the below methods. Pedro also performed some of the madSTORM

testing and image acquisition in section 4.2.1.
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4.5 Methods

4.5.1 Cell Culture and Plasmid Transfection

Cell culture for the experiments described in section 4.2.1 and section 4.2.2

was performed as described in section 2.4.1.

hTERT-RPE1 cells for the experiments on section 4.2.3 were cultured in

DMEM F-12 Glutamax (Gibco, 31331-028), with 10% fetal bovine serum (FBS),

3.4% sodium bicarbonate (Gibco, 25080-060), 1% Penstrep (Gibco, 15070-063).

Plasmid transfection with the pArek1-EGFP-zyxin plasmid (Gift from A. Welman

to the Baum lab; Welman et al., 2010) was carried out using Fugene HD (Promega,

E2311). Positive cells were selected with 500µg/mL G418 (Calbiochem, 345812)

to generate a stable cell line. Leibovitz’s L-15 CO2 independent media (Gibco,

21083-027) with 10%FBS was used as the imaging media. HeLa cells stably ex-

pressing Tubulin-GFP were a gift from the Baum lab.

To obtain T-cells, 8 week old mice were culled, lymph nodes and spleens

harvested and sieved through 70µm strainers (BD Biosciences, 352350) in warm

RPMI-1640 to achieve a single cell suspension. Cells were centrifuged at 300g

for 5 minutes at RT and the cell pellet re-suspended in complete medium (RPMI-

Glutamax, 10% FBS; Penicillin, Streptomycin, Sodium Pyruvate, 20 mM Hepes,

20µM 2ME). Cells were stimulated at a density of 3 million per ml with the addition

of 1µg/mL of Concanavalin A (Sigma, L7647) for 2 days. After this time, activated

cells were isolated and dead cells excluded by layering on a Ficoll gradient; cells

were centrifuged for 10 minutes without a brake at 1800 rpm. Layered T cells were

re-suspended at 2 million per mL in complete medium and 20ng/mL recombinant

IL-2 (proleukin) added for expansion for 5 days. Cells were used for microscopy on

day 5 to 9 post-stimulation with Concanavalin A. Glass bottom cell culture dishes

with (Ibidi 80827) were coated with 2µg/mL murine recombinant ICAM-1 (R&D

systems, 796-IC-050) for 1.5 hours at 37°C . Cells in culture were centrifuged at

350g and re-suspended in warm equilibrated serum free migration medium (RPMI-

Glutamax, Pen/Strep, Sodium Pyruvate, 30mM Hepes, 20µM 2ME) to a density of
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1x106 cells per mL. 200.000 cells were added to the imaging dish placed at 37 in

the incubator to settle onto the glass for five minutes before live imaging.

4.5.2 Microscopy

The imaging dishes (Ibidi, 80606) used in section 4.2.1 and section 4.2.4 were

seeded with nano-diamonds prior to imaging. To seed with nano-diamonds, dishes

are first pre-activated with KOH 0.1M (Sigma, 38073-1EA) for 30 minutes. The

KOH is then washed 5 times with PBS. A nano-diamond stock (Adámas Nanotech-

nologies, NDNV100nmMdCOOH) is briefly vortexed before removing a 5µL ali-

quot and diluting it in 500µL of PBS. The nano-diamond dilution is bath-sonicated

for 5 minutes in 30 second pulses and centrifuged for 1 minute at 3900 rcf. The su-

pernatant is then transferred to the pre-activated dishes and allowed to settle for 30

minutes. The dishes were washed twice with PBS and then once in Ringer’s solu-

tion (section 2.4.1). Cells were seeded on the dishes and allowed to grow in media

overnight before live imaging (section 2.4.1). Live-imaging for the experiments

described in section 4.2.1 and section 4.2.2 was performed in Ringer’s solution at

37°C without CO2 added. For the section 4.2.4 experiments, cells were imaged on

a Nikon TIe microscope with a 100x 1.49NA Apo TIRF objective and an Andor

iXon897 camera. Except for where it is otherwise noted, all other imaging was per-

formed on a Zeiss Elyra PS.1 microscope, with a 100x 1.47NA Apo TIRF objective

and an Andor iXon897 camera.

For the experiment described in section 4.2.3, cells were synchronised prior to

mitosis by incubating them with 9uM of a CDK1 inhibitor (Ro-3306; Enzo Life Sci-

ences, ALX-270-463) for 15-20 hours. Cells were imaged with a 60x oil objective

on a Nikon Ti-E with an Andor Zyla sCMOS camera and a CollLED pE-4000 LED

illuminator. Once the cells were on the microscope, the media with inhibitor was

replaced by drug-free media with the NanoJ-Optofluidics system and multi-location

images were acquired every 1.5 minutes for 26 minutes prior to fixation.
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4.5.3 Immuno-staining

Stainings were performed as in section 3.5.2, except where indicated below.

In the figure 4.3 experiments, cells were seeded in coverslips (Carl Zeiss, 474030-

9000-000) and fixed in ice-cold methanol (Sima, 322415). In the section 4.2.1

and section 4.2.2 experiments, immuno-stainings were performed in-situ using the

NanoJ-Optofluidics system. Cells were fixed by adding 500µL of methanol-free

16% Paraformaldehyde from freshly opened ampules (Alfa Aesar, 43368) to 1.5mL

of Ringer’s solution and incubating for 10 minutes.

For DNA-PAINT labelling, secondary antibodies were pre-labelled according

to Schnitzbauer et al. (2017). Target strand added to the anti-mouse antibody:

TTATACATCTA. Complementary imaging strand was labelled with Cy3B on the

3’ end. Target strand added to the anti-mouse antibody: TTTATTAAGCT. Comple-

mentary imaging strand was labelled with Atto655 on the 3’ end.

In section 4.2.3 experiments, cells were fixed by adding 500µL of pre-warmed

16% Paraformaldehyde to 1.5mL of cell media and incubating for 20 minutes. They

were then washed 3 times with PBS and 0.2% Triton-X was added for 5 min.

5% bovine serum albumin/PBS was used to block for 30mins at room temperature

before the integrin B1 (Abcam ab30394) primary antibody was added Phalloidin-

TRITC (Sigma, p1951) and DAPI (Thermo Fisher, D3571) were added with an Al-

exa Fluor 647 labelled secondary antibody (Thermo Fisher, A-21236). Cells were

washed and imaged in PBS.

In section 4.2.4 experiments, cells were fixed by adding 500µL of pre-warmed

16% Paraformaldehyde to 1.5mL of cell media and incubating for 10 minutes. Cells

were washed 3x2 minutes with PBS. Cell autofluorescence was quenched with a 10

minute 0.1% sodium borohydride incubation (Sigma, 213462), followed by 3x2

minutes PBS washes. These steps were performed with the incubation set at 37

degrees celsius, however, the incubation was turned off and the microscope and

sample were allowed to equilibrate overnight. Cells were washed 3x2 minutes with

PBS and incubated for 90 minutes with an Alexa Fluor 647 labelled antibody against

LFA-1 (Abcam, ab186873). After washing 4x2 minutes with PBS, dSTORM buf-
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fer was added and cells were imaged. After imaging, cells were washed 3x2

minutes with PBS, washed 3x2 minutes with madSTORM buffer (3.5M MgCl2,

0.1% Tween-20, 20mM PIPES) to remove the prior staining. Simultaneous with

the madSTORM incubations, the microscope revisited all acquired positions with

the laser set at maximum power to assist with bleaching any remaining antibodies.

Cells were then washed 3x2 minutes with PBS, incubated with 0.5% Triton-X for

10 minutes, washed 4x3 minutes with PBS and incubated for 90 minutes with an

Alexa Fluor 647 labelled antibody against pFAK (Thermo Fisher, 700255). After

washing 4x2 minutes with PBS, dSTORM buffer was added and cells were imaged.

The same labelling removal, staining and imaging process was then repeated with

an Alexa Fluor 647 labelled antibody targeting phosphorylated Src family kinases

(Cell Signalling Technology, 82975), with the omission of the Triton-X step.

4.5.4 Sequential Labelling

The solutions used in the sequential labelling tests were as follows: 0.1 M gly-

cine hydrochloride (Sigma, G2879) pH was adjusted to 2.2; 20mM DTT (Thermo

Fisher, 20291); Tramu et al. (1978) solution - 0.15M KMNO4 and 0.01N H2SO4;

Hydrogen peroxide tests used a 30% H2O2 commercial solution (Sigma, 216763);

0.1% Sodium borohydride (Sigma, 213462). To perform DNA-PAINT imaging,

imaging strands were diluted in PBS containg 500mM MgCl2, pH 7.4, and all

washes were performed with PBS, pH 7.4.

4.5.5 Data Processing and Analysis

For all of the above SMLM experiments, super-resolution imaging was per-

formed as in section 2.4.3, except the exposure time was set at 18ms and EM-gain

was set at 70. The resultimg images were analysed using the SRRF algorithm set

to perform Temporal Radiality Maximum (Gustafsson et al., 2016). Settings were:

Ring radius of 0.5; 6 axis per ring; magnification of 5; and intensity weighting was

performed. All other image processing was performed as in section 2.4.4.

To measure the mean camera grey value in figure 4.1, FIJI was used. First, a

Region of Interest (ROI) corresponding to the cell shape was determined by apply-
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ing the Otsu threshold algorithm. Having established the ROI, the mean value was

measured on the same ROI for both channels, before and after incubation with the

buffer.

For the cluster analysis in section 4.2.4, 3 colour pointillist maps were analysed

channel per channel with Bayesian cluster analysis software (Griffie et al., 2016),

and colocalization was analysed using Rossey’s method as described (Rossy et al.,

2014). The correlation measurements and linear fits in table 4.1 were performed

with Matlab.
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Chapter 5

Concluding remarks

The Alpha and the NanoJ-Optofluidics platforms are fully functioning sys-

tems. The Alpha has demonstrated large FOV SMLM imaging at high frame-rates

by optimising illumination to harness the new sCMOS camera technologies. NanoJ-

Optofluidics platforms have been demonstrated to achieve online fixation, immuno-

staining and buffer exchange for SMLM imaging and sequential labelling. By per-

forming online fixation and immuno-labelling, the platform was able to demonstrate

how retraction fibres attach to the cell’s substrate by integrins from previously disas-

sembled focal adhesion. A similar approach has also demonstrated that the number

of LFA-1 (T-cell specific integrin) clusters in T-cells are correlated with cell speed.

Finally, the system allowed both sequential labelling by bleaching and DNA-PAINT

to be combined in one experiment. These experiments could be achieved in a reli-

able manner and by a system which is orders of magnitude less expensive than com-

mercial fluidics systems. All of the components of the NanoJ-Optofluidics platform

are easily available, easy to repair and require no special expertise to assemble and

operate, making a true universally accessible fluidic system.

Integrating automated microscope acquisition with automated microfluidics

should also enable new applications. For example, computer vision algorithms can

be used to identify specific events that occur during live imaging and the micro-

fluidic system can add drugs or fixatives at that particular time point. This should

further help to fix cells during rare transitions, like mitosis, for example.

However, the Alpha and NanoJ-Optofluidics yet to be integrated into a single,
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unified system. To enable high-throughput multiplexed SMLM, this integration

should happen in a fully automated manner. There is currently a functioning method

to perform an integrated acquisition, but it depends on Micro-Manager scripts. sec-

tion 3.3.3 details a future plugin for Micro-Manager with a user interface coordinate

between starting fluidic protocols and Micro-Manager acquisitions. This would be

a user-friendly approach, which would make the system more widely applicable.

However, as mentioned in section 2.3.4, the true bottleneck for a completely auto-

mated acquisition is the current drift correction scheme, as the current system only

corrects for one stage position reference. section 2.3.4 outlines an approach to ad-

dress this, where the software would automatically obtain a new reference image

for each new stage position. Should drift correction be successfully extended to

a multi-position acquisition, it should also immediately be useful for sequential

labelling experiments. Throughout the experiments shown in chapter 4, images

acquired before fixation, after fixation and after different rounds of labelling all

needed to be registered to each other a posteriori. The drift correction by cross-

correlation method should be able to maintain samples stable in both the lateral and

axial directions. This means images do not need to be registered to each other after

acquisition.

With SMLM in particular, there are further bottlenecks generated by the need

to reconstruct the localisations. First, the acquired images need to be be analysed,

as to generate a super-resolution image. There are a large number of software pack-

ages that achieve this (Sage et al., 2015), and yet more are being developed. For HT

SMLM, the focus should be on speed of analysis and there are packages which can

analyse data in real-time (Smith et al., 2010; Kechkar et al., 2013; Li et al., 2017),

largely by harnessing the graphical processing unit (GPU) of a computer. For all

of these methods, however, a table of localisations is still generated. These tables

contain millions of localisations, each with several parameters associated with it

such as XY location, localisation precision, pixel intensity, etc. If a SMLM image

stack can reach tens of gigabytes, so do these localisation tables. This creates a

data storage burden on HT SMLM systems. For example, acquiring 100 different
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positions with the full field of view of an sCMOS, at 40.000 frames per acquisition

and with 4 colours, yields that 128 terabytes are necessary just for the raw data

of one experiment. The localisation data can vary anywhere between a quarter to

the same size as the raw acquisition data. With these two facts in mind, the limit-

ations become obvious. The Henriques lab has recently developed a new method

for super-resolution analysis, super-resolution radial fluctuation (SRRF) method,

which is based on analysing image transforms and does not generate a localisation

table (Gustafsson et al., 2016). It can also analyse images in real-time, and this has

been implemented with scientific camera systems as the SRRF-STREAM system

(Andor Technology Ltd, 2017). Because there are very few parameters to adjust, if

at all, the raw data need not be retained and the SRRF-STREAM gives the output

of the algorithm as the final output of an imaging system instead of the unprocessed

camera data (Andor Technology Ltd, 2017). If the LMCB-Alpha microscope and

the NanoJ-Optofluidics platform are integrated with SRRF-STREAM, such a sys-

tem would generate SMLM images immediately after imaging, without requiring

any SMLM processing, channel registration, or separate large storage management

facilities. For the same example given above of 100 full sCMOS fields of view and 4

colours, that corresponds to a total of 84 gigabytes, or almost 4 orders of magnitude

less storage space required.

Combining high-throughput SMLM imaging, microfluidics and SRRF-

STREAM imaging is a straightforward proposition. Such an integrated system

would be able to image whole signalling complexes like the T-cell receptor, or

complex multi-molecular structures like focal adhesions, and the dynamic context

for each individual cell would be known. The fast nature of a such a system would

enable these experiments to be carried out in the course of a few days, if not a

day. A single researcher manually staining, acquiring, analysing and correlating

different populations of cells to try and determine these complexes and structures

would take months to achieve similar results, and with many more potential sources

of bias. Overall, further exploiting the systems demonstrated in this work has the

potential to be an enabling technology to many research scientists studying cell
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biology.
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Appendix A

Acronyms



3D three dimensions.

ASI Applied Scientific Instrumentation.

BFP Back Focal Plane.

CAD Computer Aided Design.

CCM Cross Correlation Map.

CCSR Cross Correlation by Static Reference.

CRISP Continuous Reflective Interface Sample Placement.

CSV Comma Separated Values.

DC Direct Current.

dSTORM direct Stochastic Optical Reconstruction Microscopy.

EM Electron Microscopy.

EM-CCD Electron-Multiplying Charge-Coupled Device.

FFT Fast Fourier Transform.

FOV Field-Of-View.

FPS Frames Per Second.

FRC Fourier Ring Correlation.

FRET Förster Resonance Energy Transfer.
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GUI Graphical User Interface.

HPLC High-Performance Liquid Chromatography.

IR Infra-Red.

LED Light Emitting Diode.

MIM Modular Infinity Microscope.

NA Numerical Aperture.

PALM Photoactivated Localization Microscopy.

PDMS Polydimethylsiloxane.

PSF Point Spread Function.

PWM Pulse Width Modulation.

QE Quantum Efficiency.

RAMM Rapid Automated Modular Microscope.

RI Refractive Index.

sCMOS scientific Complementary Metal Oxide Semiconductor.

SIM Structured Illumination Microscopy.

SMLM Single Molecule Localization Microscopy.

SNR Signal-to-Noise Ratio.

SR Super-Resolution.

STED Stimulated Emission Depletion.

TIRF Total Internal Reflection Fluorescence.

UV Ultra-Violet.
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